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Abstract

This thesis contains an analysis of certain classes of parabolic stochastic partial differential
equations with singular drift and multiplicative Wiener noise. Equations of this type have been
studied so far only under rather restrictive hypotheses on the growth and smoothness of the
drift. By contrast, we give here a self-contained treatment for such equations under minimal
assumptions.

The first part of the thesis is focused on semilinear SPDEs with singular drift. In particular,
the nonlinearity in the drift is the superposition operator associated to a maximal monotone
graph everywhere defined on the real line, on which neither continuity nor growth assumptions
are imposed. The hypotheses on the diffusion coeflicient are also very general. First of all,
well-posedness is established for the equation through a combination of variational techniques
and a priori estimates. Secondly, several refined well-posedness results are provided, allowing
the initial datum to be only measurable and the diffusion coefficient to be locally Lipschitz-
continuous. Moreover, existence, uniqueness and integrability properties of invariant measures
for the Markovian semigroup generated by the solution are proved. Furthermore, the associ-
ated Kolmogorov equation is studied in LP spaces with respect to the invariant measure and
the infinitesimal generator of the transition semigroup is characterized as the closure of the
corresponding Kolmogorov operator.

The second part of the thesis focuses on equations with monotone singular drift in divergence
form. Due to rather general assumptions on the growth of the nonlinearity in the drift, which,
in particular, is allowed to grow faster than polynomially, existing techniques are not applicable.
Equations of this type are typically doubly nonlinear, making their treatment more challenging
in comparison to the semilinear case. Well-posedness for such equations is established in several
cases, suitably generalizing the techniques for semilinear equations to an abstract generalized

variational setting.






Impact statement

The research results presented in this thesis deal with a general variational approach to some
classes of singular stochastic partial differential equations. The greatest impact of this analysis
concerns the abstract research field of the study of stochastic evolution equations with singular
terms. The main interest and relevance of the entire thesis are thus of academic type, both
from a mathematical perspective and in terms of applications to other fields where SPDEs play
an important role.

The available literature on stochastic evolution equations is very developed, and addresses
problems such as well-posedness, long-time behaviour and regularity of solutions. However,
several of the existing techniques dealing with stochastic evolution equations strongly rely on
growth and smoothness assumptions on the drift, which is particular cannot exceed prescribed
polynomial growth rates, and hence are not applicable in many concrete situations. By contrast,
in this thesis we introduce a generalized variational approach and give a self-contained analysis
of certain classes of equations, where the drift is allowed to grow faster than polynomially. This
is obtained through a combination of tools from montone and convex analysis, and compactness
results in spaces of vector-valued functions.

Such problems are clearly interesting on their own in a mathematical perspective, and
represent a first step towards a generalization of the existing variational techniques also to
singular stochastic evolution equations of monotone type. The relevance of the results presented
in this work could be strongly beneficial to the academic research field of stochastic evolution
equations. Indeed, one of the main topics that are currently being investigated is the study
of stochastic equations with possibly degenerate terms. Even if this thesis focuses in detail on
semilinear and divergence-form equations, the abstract variational setting that we introduce
here can be applied also to several other types of stochastic equations, and provides an effective
tool to analyse stochastic equations with singular terms in a variational framework.

Furthermore, the techniques presented in this thesis can be adapted in order to deal with
other types of stochastic PDEs, which are much more relevant for applications to physics. Let
us mention, above all, the stochastic Allen-Cahn and Cahn-Hilliard equations, which play an
important role in phase transition modelling for example. While these have received much
attention in the deterministic setting in the last years, only few works are focused the corre-
sponding stochastic equations. This is due in large part to the the fact that the high singularity
of the drift gives rise to several difficulties in the stochastic case. For these reasons, the contri-
bution of this thesis could be beneficial also to the applicative aspect of the study of stochastic
PDEs, since it provides an effective way of handling parabolic stochastic PDEs with possibly

degenerate terms.
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Introduction

This PhD thesis is devoted to the analysis of some classes of parabolic stochastic partial dif-
ferential equations with singular drift and multiplicative Wiener noise. The main motivation
of the entire work is that equations of this type have been studied in the available literature
on stochastic evolution equations only under rather restrictive hypotheses on the growth and
smoothness of the drift.

It is well known that in the deterministic setting a complete and satisfactory theory is

available for evolution equations of monotone type in the form

d
i + Au > f, u(0) = uyg,

where A is a (multivalued) maximal monotone operator on a Hilbert space H or, more generally,
an m-accretive operator on a Banach space E, f € L'(0,T; E) and ug is a given initial datum.
The mere assumption of maximal monotonicity on the operator A is very broad and allows to
include in this general treatment also several degenerate equations arising from applications.
The monotonicity of the equation provides a very powerful tool to obtain a complete well-
posedness theory also in highly singular settings.

The corresponding stochastic evolution equation in this abstract setting reads
du + Audt 5 B(u) dW, u(0) = wo,

where W is a cylindrical Wiener process on a certain separable Hilbert space and B is a suitable
stochastically integrable operator with respect to W. However, a general theory of existence of
solutions and continuous dependence on the data for such equations still seems out of reach,
even in some simplified setting where B is nonrandom and independent of both w and ¢.

Among the current literature on stochastic evolution equations, significant results have been
obtained only in some specific cases. In this direction, there are two main available approaches
to the study of stochastic PDEs.

First of all, for semilinear equations, a powerful tool is offered by the semigroup approach:
the concept of solution is formulated in analogy with the corresponding theory for deterministic
equations, using the semigroup generated by the linear component of the drift. Here, one of the
main difficulties consists in giving appropriate sense to the so-called “stochastic convolution”.
The approach has been widely studied and is very effective in terms of both well-posedness
issues, regularity and long-time behaviour: for example, the general theory of semigroups on
Banach spaces allows to assume very broad requirements for the initial datum, and to investigate
several interesting qualitative properties such as maximal regularity and optimal estimates. On
the other side, the theory presents some drawbacks: due to the formulation of solutions, the
equations must necessarily be semilinear and, most notably, the nonlinearity in the drift cannot

grow faster than polynomially at infinity.
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The second main approach to nonlinear stochastic PDEs is the variational approach. This
is a very natural and powerful generalization to the stochastic case of the classical variational
theory for deterministic evolution equations by Lions and Magenes (see for example [51-53]).
It was introduced in the classical works [46, 72] by Pardoux, Krylov and Rozovskii, and it has
been extensively developed in the recent years as well in terms of regularity, invariant measures
and long-time behaviour of solutions. One of the main advantages of the variational approach
is the possibility to deal with fully nonlinear equations, where the operator A is defined from
a Banach space to its dual, and can be random and time-dependent. On the other side, the
operator A must satisfy some classical monotonicity, coercivity and boundedness conditions.
Even if these can be weakened, this forces the nonlinearity in the equation not to exceed a

prescribed polynomial growth.

In this PhD thesis, we study some classes of stochastic evolution equations which do not fall
in the classical variational approach because of the high singularity in the drift, and we give
a self-contained treatment in terms of well-posedness, regularity and long-time behaviour in a
generalized variational setting. In particular, the results obtained here considerably extend the
classical ones of the variational theory, and are a very powerful tool to deal with stochastic

equations with singular drift exceeding polynomial growth.

The first part of the thesis is focused on singular semilinear equations on a smooth bounded
domain D of R? in the form

dX + AX dt + B(X)dt > B(X)dW,  X(0) = Xo, (0.0.1)

where A is a linear coercive maximal monotone operator on L?(D) and /3 is a maximal monotone
graph in R x R. The singularity of the equation is contained in the graph . The analysis of
multivalued operators § is crucial: indeed, since any increasing function of R, possibly with
infinitely many discontinuities (jumps), can be canonically embedded into a maximal monotone
graph, we include in our analysis also reaction-diffusion equations with discontinuous reaction
terms. Secondly, and more importantly for us, no growth assumption will be in order for 3,
which is allowed to grow at any rate at infinity. The main requirement on £ in our study is
that its effective domain is the whole real line. Even if this assumption is not needed in the
deterministic theory, in the stochastic case it seems to be essential. Nevertheless, this setting
clearly does not fall in the classical variational framework, and we are able to give appropriate

sense also to semilinear stochastic equations with rapidly growing drift.

In Chapter 2 we present a natural well-posedness result for such equations, which is part
of the joint work [65] with Carlo Marinelli, to appear on Annals of Probability. The proof is
based on a double approximation of the problem: the diffusion coefficient B is firstly regularized
through a suitable smoothing elliptic operator, and secondly the graph ( is approximated using
its Yosida approximation. The corresponding regularized equations can be solved invoking the
classical variational theory. Then, we prove several uniform estimates on the approximated
solutions, both pathwise and in expectation, which allow us to pass to the limit and obtain a
solution for the original problem. The proof is strongly based on arguments from monotone and
convex analysis, as well as compactness and lower semicontinuity results in spaces of Bochner-

integrable functions.

In Chapter 3 we show some refined well-posedness results for the equation (0.0.1), which
have been object of the article [63] with Carlo Marinelli. First of all, we prove that the solution
has strongly continuous trajectories in H := L%(D). Secondly, we use such continuity property

to extend the well-posedness result also to the case when X is only measurable and B is locally-
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Lipschitz continuous in its last argument. More specifically, we show that the the well-posedness
of the equation (0.0.1) can be extrapolated to the whole range p € [0,4o00[, meaning that if
the initial datum Xy belongs to LP(Q2; H), then the solution X belongs to LP(Q); E), where FE
is the natural space of the trajectories, and the map Xy — X is continuous. In the particular
case p = 0, the convergence in probability of the initial data yields the uniform convergence
of the solutions in [0,7] in probability. The proofs are based on the introduction of suitable
stopping times, depending on the initial datum and the coefficient B, as well as a generalized

It6’s formula in an abstract variational setting.

In Chapter 4 we investigate the ergodicity properties of solutions to equation (0.0.1): these
results have been collected in the joint paper [62] with Carlo Marinelli. Since the equation
cannot be treated within the classical variational setting, we cannot rely on established tools
to study ergodicity. First of all, we show that the transition semigroup induced by the solution
X admits an ergodic invariant measure p, which is also unique and strongly mixing if 3 is su-
perlinear: this result follows mainly by a priori estimates and compactness results obtained by
a suitable version of 1t6’s formula. Secondly, we study the Kolmogorov equation associated to
(0.0.1), and we characterize the infinitesimal generator of the transition semigroup on L*(H, ;1)
as the closure of the Kolmogorov operator associated to (0.0.1). This is done regularizing first
the Yosida approximation of 5 through convolutions with mollifiers and solving the Kolmogorov
equations of the corresponding approximated problem through existing techniques. Then, sev-
eral regular dependence results of the corresponding approximated solutions with respect to
the initial datum are proved, allowing us to verify that the Kolmogorov operator coincides with
the infinitesimal generator of the transition semigroup on a dense subset of L!(H, ;). Finally,
a careful application of the Lumer-Phillips theorem together with the m-dissipativity of the

Kolmogorov operator yields the desired result.

In Chapter 5 we complement the analysis of semilinear singular stochastic equations with
a regularity result, which is part of the above-mentioned work [63]. We prove that if X, and
B are more regular, then the regularity of the solution X also improves, irrespectively of the
singularity in 8. For example, if A (better said, the part of A in H) is self-adjoint, the solution
has paths belonging to the domain of A in H if Xy and B, roughly speaking, take values in the
domain of A'/2. This implies that X is a strong solution in the classical analytical sense, not

just in the variational sense.

The second part of the thesis is devoted to the study of singular stochastic equations with

drift in divergence form of the type
dX —divy(VX)dt + B(X)dt > B(X) dW, X(0) = Xo, (0.0.2)

where v and 3 are maximal monotone graphs on R? and R, respectively. Such equations are
doubly-nonlinear, hence more difficult to handle than the semilinear case. The available litera-
ture on divergence-form equations as (0.0.2) is very limited and entirely focused on the classical
case where v and f satisfy suitable coercivity assumptions and are polynomially bounded (the
so-called Leray-Lions conditions). In this setting, some qualitative results have been obtained
in the specific case v(z) = |z[P~2x, which corresponds to the p-Laplace equation. We study
instead equations of the form (0.0.2) under no growth hypotheses on « and (3, thus widely
improving the results in the existing literature. In analogy with semilinear equations, we only
need to assume that v and 8 are everywhere defined: the final well-posedness result is much
more difficult to achieve in this case, due to the fact that the double nonlinearity gives rise to

several nontrivial measurability problems, and it will follow after some intermediate steps.
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In Chapter 6 we study equation (0.0.2) in the case where ~ satisfies the above-mentioned
Leray-Lions polynomial conditions and [ satisfies the same assumptions considered in the case
of semilinear equations. The results presented in this chapter have been collected in the ar-
ticle [75], published on Journal of Differential Equations. Through a double approximation
analogous to the one used in Chapter 2, well-posedness is proved through monotonicity and
compactness arguments. However, when -~ is multivalued, the uniqueness of the solution com-
ponents — divy(VX) and 8(X) may not hold necessarily, and this causes in turn nontrivial
measurability problems. For these reasons, in this chapter « is assumed to be single-valued.

In Chapter 7 we focus our attention entirely on the divergence term and we study equation
(0.0.2) in the case 8 = 0 and without any polynomial growth condition on . The results
presented here have been object of the article [67] with Carlo Marinelli, published on Stochastics
& Partial Differential Equations: Analysis and Computations. Due to the lack of coercivity
and growth conditions, the first step consists in the regularization of the problem, replacing v
with its Yosida approximation and adding a “small” elliptic term, thus obtaining a family of
equations for which well-posedness is known to hold. As a second step, we prove that the family
of solutions to the regularized equations is compact in suitable topologies, so that, by passage
to the limit in the regularization parameters (roughly speaking), a process can be constructed
that, in a final step, is shown to actually be the unique solution to the original problem.
The fact that « is the subdifferential of a certain convex function will be used to recover a
suitable integrability condition on VX. As in the previous chapter, if v is multivalued several
measurability problems arise, as the uniqueness of —div~y(VX) does not imply uniqueness of
v(VX), hence we still assume that v is single-valued.

In Chapter 8 we give an alternative self-contained treatment to the case g = 0, including in
our analysis also multivalued operators v. These results are collected in the short contribution
[64] with Carlo Marinelli, published on Springer Proceedings in Mathematics € Statistics. The
main idea is to work only using estimates in expectation, so that the measurability of the limit
processes is ensured by the weak compactness itself. However, in order to do so, the price to pay
is a loss of regularity of the solutions in comparison with the corresponding result in Chapter 7.

Finally, in Chapter 9 we consider equation (0.0.2) in its most general form, with no growth
conditions on the operators v and S, also allowing 7 to be multivalued. We thus obtain a
general well-posedness result that unifies and extends those proved in the previous chapters.
Such final result has been object of the joint paper [66] with Carlo Marinelli, to appear in Atti
Accademia Nazionale Lincei. Rendiconti Lincei. Matematica e Applicazioni. In this case, we
can prove that —divy(VX) + B(X) is unique, hence that it is measurable, but showing that
each one of them is unique (hence measurable) seems difficult, if not impossible. This is the
reason why + was assumed to be single-valued in the previous chapters. However, we show here
that it is possible to construct two suitable limiting processes which are “sections” of v(VX)
and B(X), and that are indeed measurable. In other words, we prove that the uniqueness of
the limit processes (which is still not present here) is not necessary to have measurability: the
intuitive idea is that we restore uniqueness working on a suitable quotient space.

The main goal of this thesis is to give a rigorous presentation of a new general variational
approach that allows to handle stochastic evolution equations with possibly singular and rapidly
growing drift. Let us conclude this introduction with some remarks on the advantages and the
possibilities that the generalized variational approach described in this thesis offers also in
other contexts. Even if we have studied in detail the case of semilinear and divergence-form
equations, it is worth emphasizing that these techniques can be adapted also to several other

types of stochastic PDEs with singular drift terms.
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First of all, these ideas can be adapted for example to handle singular Allen-Cahn equations
with dynamic boundary conditions: in this case, the presence of a nonlinearity also on the
boundary makes the problem more complicated. Thanks to a compatibility conditions between
the nonlinearities in the interior of the domain and on the boundary, well-posedness is shown
to hold irrespectively of the growth rate of the drifts. We refer for further detail to the joint
work [69] with Carlo Orrieri.

Moreover, a similar approach has been developed to give a general treatment to the stochas-
tic “pure” Cahn-Hilliard equation with a singular double-well potential. Here, the structure of
the equation is completely different since, as it is well-known, it is of order four in space and
monotone in a suitable dual space. Nevertheless, through a combination of ad hoc a priori esti-
mates and the ideas exposed in this thesis, well-posedness is proved for any everywhere-defined
potential. We point out in this direction the contribution [76], to appear in Nonlinear analysis.

Finally, in a work in preparation, the well-posedness result for semilinear equations is ex-
tended also to the case where 8 is random and time-dependent, and the noise is given by a

general Hilbert-space-valued semimartingale.
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Chapter 1

Prerequisites

This first chapter contains some theoretical prerequisites that may be useful for the reader
throughout the thesis. For convenience, we recall some basic notions of convex and monotone
analysis, the classical variational approach to SPDEs and standard Markovianity and ergodicity
properties.

We stress that the classical results of functional analysis, probability theory and stochastic
integration in infinite dimensions are taken for granted. The reader may refer to the classical
textbooks [10,21-23,28,30,51-53, 56].

1.1 Functional analysis

Let (E, ||-|| ) be a real Banach space. The dual space is denoted by E* and the duality pairing
between E* and E is indicated with the symbol (-,-) ;. The dual norm |[|-|| ;. on E* is defined

as

-l g == sup (y,z)p, yeE".

lzl g <1

The duality mapping of E is the set-valued function J : E — 2F" given by

J@)={yeE: a=lel} =1}, zeE.

It is well known that the set J(x) is not empty for every x € E as a consequence of the Hahn-
Banach theorem. Let us collect some some useful properties in the following proposition: these

are well-known results and the proof can be found in the textbooks quoted above.

Proposition 1.1.1. If E is reflexive, then the duality mapping of E* is the inverse map J ! :
E* — E, given by J Y (y) :={x € E :y € J(x)} fory € E*. If E* is strictly conver, then
the duality mapping J is single-valued and demicontinuous i.e. continuous from E to EY (the
space E* endowed with the weak-star topology). If E* is uniformly convez, then J is uniformly

continuous on every bounded subset of E.

Example 1.1.2. If E = H is a Hilbert space, the duality mapping J is the canonical Riesz
isomorphism from H to H*. If E = LP(Q, %, u), where (2,.#,u) is a measure space and
1 < p < 400, the duality mapping is given by

T LP(Q) = Le1 (), J(f) = f1 i flf Tty € L),

17



18 Chapter 1

while if p = 1, then J is generally multivalued and given by

J(f):={g € L™(Q): g €sign(f) ae. inQ}, fecL'(Q),

where
-1 ifr <0,
sign: R — 28 | sign(r) := ¢ [-1,1] ifr=0,
1 ifr>0.

1.2 Convex analysis

We recall here some basic concepts of convex analysis: the reader may refer to [10] for further
details.
Let (E, ||| z) be a real Banach space and ¢ : E — (—o00,400]. We say that ¢ is convex,

proper or lower semicontinuous (l.s.c.) when, respectively,
o p(Jz+ (1-V)y) <Vd(z) +(1-V)d(y) VIE€1], Va,yek,
e dJzeFE: ¢ <+o0,
e ¢(z) <liminf, ., ¢(y) Ve e k.

The domain and the epigraph of ¢ are defined as
D(¢) :={x € E: ¢(x) < +o0} , epi¢ :={(x,8) € ExR: ¢(x) < s} .

The notions of domain and epigraph play an important role in convex analysis: in particular,

we have the following well-known properties.

Proposition 1.2.1. The function ¢ is convex if and only if epi¢ is conver in E X R; ¢ is
proper if and only if D(¢) # 0; ¢ is L.s.c. if and only if the set {p < s} :={x € E: ¢(z) < s}
1s closed in E for every s € R. Moreover, if ¢ is convex, proper and l.s.c. then ¢ is continuous
in Int D(¢), and there exist § € E* and b € R such that

o(x) > (g,2)p+b Ve ekFE.

An important role in convex analysis is played by the concept of conjugate functions and

their properties.

Definition 1.2.2. If ¢ is proper, the conjugate function of ¢ (or Legendre transform fo ¢) is
defined as

¢* : E* — (—o0, 400, " (y) = Sgg{<y7x> —¢(x)}, yeE”.

By the previous definition, the generalized Young inequality follows directly:
(y,2)p <o(x)+¢"(y) VzekE, VyekE".

It is well-known that ¢* is always convex and l.s.c. Furthermore, if ¢ is also proper and L.s.c. then
¢* is proper as well.

The class of convex, proper and ls.c. functions on Banach spaces is widely studied as it
represents a useful tool in the analysis of PDEs and SPDEs of monotone type. A fundamental

notion that we must introduce is the subdifferential.
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Definition 1.2.3. Let ¢ be convex, proper and l.s.c. The subdifferential of ¢ is the multivalued

function
96:E =2,  0¢(x):={y€E": ¢(x)+ (y,2—x) < $(z) Vz € E}.
The domain and the range of the subdifferential d¢ are defined as

D(d¢) :={z € E: 0p(x) #0},  R(@¢) = |J d¢(x).

z€EE

The following properties are well-known.

Proposition 1.2.4. If ¢ is convex, proper and l.s.c. then
D(0¢) CD(¢) densely,  IntD(6) C D(99).

Proposition 1.2.5. If E is reflexive and ¢ is convex, proper and l.s.c. then for every x € E

and y € E* the following three conditions are equivalent:

yeod(x), xe€dd(y), (y,2)p=0(x)+¢"(y).
In particular, ¢* = (0¢) 1.

Proposition 1.2.6. If ¢ is weakly l.s.c. and every level set {x € E : ¢(x) < s} is weakly
compact for every s € R, there exists T € E such that ¢(T) = inf,cp ¢(x). In particular, this is

true if E is reflerive and ¢ is convez, proper, l.s.c. such that

lim  ¢(z) = 4o0.

2l g =00

The next result is very well known, but we prefer to stress it and give a possible proof as it

plays a fundamental role in the key idea of the main results presented in this thesis.
Proposition 1.2.7. If E is reflerive, then the following conditions are equivalent:

a) R(0¢) = E* and 0¢™ is bounded on bounded sets,

$(z)

=]l

b) hmeHEﬁ%»oo = +00.

Proof. a) = b). By the generalized Young inequality we have
o(z) = (y. ) — " (y)

for every x € F and y € E. Denoting by J the duality mapping of E and choosing y = 7)z\|x||;31
with z € J(z) (for z # 0 and n > 0) we have

o(z) > |zl — ¢*(nzllz|z) Yo >0, VzeE\{0}.

Let now M > 0 be arbitrary. By definition of J and the choice of z we have

~1
g = lzllg 2]

-1
HWZW”E | B =1

Hence, since the boundedness hypothesis on 0¢* in a) implies the same for ¢* by definition of
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subdifferential, we deduce that there exists C; > 0 such that |¢*(772Hx||£1)| < C,, so that
¢(x) 2 nllzllp - Cyp Vo e EN{0}, Vn>0.

Choosing for example 1 = 2M, this implies that for ||z| ; > % we have

¢(x)

]l

C
ZTI— !t ZQM_M:Ma
1]l

from which b) follows by arbitrariness of M.
b) = a). Let y € E*. The function ¢, : E — (—00, +00] defined as

l/fy(f) ::¢(x)7<yax>E7 ZL’GE,

is convex, proper and lLs.c. in E. Moreover, we have that d¢, = 0¢ — y: indeed, for every
reF,

0y (@) = {w € B y(a) + (0,3 — 2) < () Vi € B}
={weFE: ¢)+(wt+y,T—z); <o) VZekE}
—{z—y e B 0w) + (57 —a)y < 6(F) Vi€ B} = 00(x) - y.

Now, the superlinearity assumption on ¢ contained in b) implies that

Yy(z) = +o0.

im
llzll =00

Hence, since E is reflexive and v, is convex, proper and l.s.c. we deduce that 1, attains its

minimum on E. Consequently, by definition of subdifferential, there is € E such that

0 € OYy(x) = 0¢(x) — y, ie. yeodp(x).

We infer that R(9¢) = E* by arbitrariness of y. Finally, let us show that d¢* = (9¢)~! is
bounded on every bounded subset of £*. By contradiction, assume that there are two sequences
(@n)n € E, (Yn)n € E* and a constant Cy > 0 such that y,, € 9¢(z,) and ||y, g < Co for

every n, but ||z, | ; — 400 as n — oo. By definition of subdifferential we have

¢(@n) = Collznll g < O(@n) = (Yn, 2n) = G(2n) + (Yn, 0 —zn) < ¢(0) Vn € N.

Letting n — oo, by b) the left hand side diverges to +oco, and this is a contradiction. O

1.3 Monotone analysis

We recall here some fundamental results of monotone analysis: the reader may refer to [10] for
further details.

Let (E, ||| ) be a real Banach space. We shall denote by the symbol E x E* the usual

cartesian product between E and E*, and by the bracket (-,-) the generic element in E x E*.

A (multivalued, or set-valued) operator from E to E* is a function

A:E — 28"
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First of all, let us point out that there is a bijection between the set of operators A : E — 2E”
and the subsets G C E x E*. Indeed, given an operator A : E — 2F" | one can define the graph
of A as

G(A) :={(z,y) e EXE": ye A(x)} CE X E*,

and, conversely, given a subset G C F x E*, it is a standard matter to check that the operator
A: E — 2F defined as

A(z) ={y € E*: (z,y) € G}, rzeFl,

satisfies G(A) = G. Consequently, as it is usually done in literature, we shall identity any
operator with its graph, and we will use the terminology graph or operator with no distinction
when convenient. Analogously, we shall use the notation y € A(x) or (z,y) € A equivalently
for any v € F and y € E*.

The domain and the range of A : E — 2F are defined as

D(A):={zecE: Alx) #0}, R(A):= [ A).

z€E

Throughout this section, A : E — 2F" is a given operator. Let us recall some well known

concepts that we will use in the sequel.

Definition 1.3.1. We say that A is monotone when
(Y1 — Y2, 71 — 22) p > 0 V(zi,y:) €A, i=1,2.

We say that A is mazimal montone if it is montone and is maximal in the ordered set (Ex E*, C
), or, equivalently, if A is not properly contained in any monotone subset of E X E*.
Definition 1.3.2. Let A: E — E* be a single-valued operator with D(A) = E. We say that A
18 hemicontinuous if

A(ml—i—txg)iA(xl) mE* ast—0 Vri,20 € E.

We say that A is demicontinuous if it is continuous from (E,|-||g) to the space E* endowed

with the weak* topology, or, in other words, if for every x € E and (xy), C E
Tp > x inE = A(zy) = A(z) in E*.
We say that A is coercive if there is xg € E such that

(Yn, Tn — o)

lim

n—o0

= 400

for every sequence (zy,Yn)n € A with ||z,|| 5 — +00 as n — oco.
The following properties are well-known.
Proposition 1.3.3. Let A be mazimal monotone in E x E*. Then,

e A is weakly-strongly closed, i.e for every x,y € E and (xy,Yn)n C A, if x,, = x in E and
Yn — y in E*, theny € A(z);

o A~! is mazimal monotone in E* X E;
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e A(x) is closed and convex in E* for every x € D(A).

The fundamental characterization of maximal monotone operators is recalled in the following

proposition.

Proposition 1.3.4. Assume that E and E* are reflexive and strictly convex. Then, A is
maximal montone if and only if for every A > 0 (or, equivalently, for some A > 0) R(A+AJ) =
E*, where J : E — E* is the duality mapping of E.

Remark 1.3.5. Note that the hypothesis that F and E* are strictly convex can be omitted.
Indeed, by Asplund’s theorem, one may always choose a norm |- |g in E, equivalent to the
usual one ||-|| 5, such that E is strictly convex with respect to | - |g and E* is strictly convex
with respect to the corresponding dual norm. For this reason, we can only assume that F is

reflexive (hence so is E*).

The previous result allows to prove several properties on maximal monotone operators in a very

direct way. We recall the most important ones.

Proposition 1.3.6. Assume that E is reflexive. If A is maximal monotone and B : E — E*

18 hemicontinuous, monotone and bounded, then A + B is mazimal monotone.
Proposition 1.3.7. Assume that E is reflexive. Then,
e any monotone and hemicontinuous operator in £ x E* is mazimal monotone;
e any coercive and mazimal monotone operator in E X E* is surjective (i.e. its range is
E*);'
e any monotone, hemicontinuous and coercive operator in E x E* is surjective.

One of the major issues in the study of nonlinear PDEs is to approximate maximal monotone
operators in a reasonable way, possibly preserving monotonicity and maximality. To this end,
there is canonical way to smooth out any generic maximal monotone operator, that we present
now. Let us assume that F is reflexive, strictly convex with strictly convex dual E*, and that
A: E — 27 is maximal monotone.

For any A > 0 and « € E, the operator AA + J(- — z) is surjective thanks to the last two
propositions, so that there is x) € F such that

)\A(x)\) —‘y—J(l‘,\ —x)>30.

Moreover, such ) is unique in E: indeed, if x%\ and xi satisfy the equation above, testing by

z) — xi and using the monotonicity of A it is readily seen that
(J(@} —x) = J (@} —2), 2} —a¥) <0,
so that, recalling the definition of J,
(2} — 2l — 123 — 2l 5)* < (A — ) — J(a} — ). 2} — 2}) <0,

and z} = 23. Consequently, with this notation, the following definitions make sense.

Definition 1.3.8. Let E be reflexive and strictly convex with its dual E*. The resolvent and

the Yosida approximation of A are defined, respectively, as

1
J)\ZE—)E, JA({ZZ)::.I)\, A)\:E%E*, A)\(I)::XJ(’ka‘I),
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for every x € E and A > 0.
The following properties are crucial.

Proposition 1.3.9. Assume that E and E* are reflexive and strictly convex, and A is mazimal

monotone. Then,
e A, : E— E* is montone, demicontinuous and bounded;

o Ax(x) € A(Jx(x)) for every x € E;

|Ax(2)|| 5 < [|A%(2)]| 5, where A°(x) is the minimum-norm element in A(x);

Jy : E — E is bounded and

lim Jy(z) =2 Vo € convD(A);

A—0F

Ax(z) = A%z) for every x € D(A) as A\ — 0. If E* is uniformly convez, then the

convergence is strong in E*;

e for everyx € E, y € E* and (xn,Yn)n C A such that z, — z in E and y, Xy in E* as
n — 0o, if

m sup(Yn, Zn) g < (Y, ) g,

n— oo

then y € A(x).
Proposition 1.3.10. If E = H is a Hilbert space identified with its dual H*, then
e Jy=(+MXA)"':H— H is nonexpansive;
e Ay:H — H is %—Lipschitz continuous.

A very large and important class of maximal montone operators is represented by the subdif-
ferentials of proper, convex and l.s.c. functions on Banach spaces. We have indeed the following

well-known result.

Proposition 1.3.11. If ¢ : E — (—o0, +00] is proper, convex and l.s.c., then 0¢ : E — 2" s

mazimal montone.

As the Yosida approximations provide a good regularization of an arbitrary maximal mono-
tone operator, preserving monotonicity for example, in a similar fashion there is a canonical
way of regularizing any arbitrary proper, convex and l.s.c. function, preserving fundamental

properties such as convexity. In this direction, we have the following definition.

Definition 1.3.12. Let ¢ : E — (—o00,+00]| be proper, convex and l.s.c. For any X\ > 0 the

Moreau-Yosida regularization of ¢ is the proper, conver and l.s.c. function defined as

2
[l = wllg

or:E—R, oa(x) ;= inf {2)\+¢)(w)}, re k.

weE

Note that ¢, is actually well-defined and D(¢)) = F, so that in particular ¢, is continuous.

Moreover, we recall the following properties.
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Proposition 1.3.13. Let E be reflexive and strictly convex with its dual E* and let ¢ : E —
(—o0, +00] be proper, convex and l.s.c. and set A := 0¢. Then, for any A > 0 ¢) : E — R is

convex, continuous and Gateauz differentiable with Doy = Ay : E — E*. Moreover,

e = @)l
== T + ¢(

o(a(@)) < da(z) < ¢(z)  VzeE, VA>0,
lim ¢y (z) = ¢(x) VeeFE.

A—0t

oY

o (x) \z)  VYzeE, VYA>0,

We shall also need a result about passing to the limit “within” maximal monotone graphs
due to Bréuis, see [21, Theorem 18, p. 126].

Lemma 1.3.14. Let vy be a maximal monotone graph in R x R with D(vy) = R and 0 € v(0).
Assume that the sequences (Yn)nen, (gn)nen of real-valued measurable functions on a finite
measure space (Y, o/, u) are such that y, — y p-a.e. asn — 00, g € Y(yn) p-a.e. for all
n €N, and (gnyn) is a bounded subset of L*(Y, .o/, ). Then there exists g € L*(Y, o/, i) and
a subsequence n' such that g, — g weakly in L*(Y, .o/, 1) as n' — oo and g € v(y) u-almost

everywhere.

Finally, we recall a simplified version of an “abstract” Jensen’s inequality, due to Haase
(see [41, Theorem 3.4]), that will be used to prove a priori estimates for convex functionals of

stochastic processes.

Lemma 1.3.15. Let (Y, .o/, ), (Z,%B,v) be measure spaces, E C L°(Y, </, 1) a Banach func-
tion space, and
T:E— L°Z %3,v)

a linear continuous sub-Markovian operator. Moreover, let ¢ : R — [0,00[ be a convex lower

semicontinuous function with p(0) = 0. Then

o(Tf) <Ty(f)

for all f € E such that o(f) € E.

1.4 Continuity and compactness for spaces of vector-valued

functions

The following result by Strauss, see [79, Theorem 2.1], provides sufficient conditions for a
vector-valued function to be weakly continuous. It will be used to establish the pathwise weak
continuity of solutions to several stochastic equations. We recall that, given a Banach space

FE and an interval I C R, the space of weakly continuous functions from [ to E is denoted by
Cw(I; E).

Lemma 1.4.1. Let E and F' be Banach spaces such that E is dense in F, E — F, and E 1is
reflexive. Then
L>(0,T5 E) N Cu([0,T]; F) = Cu ([0, TT; E).

The next result is a classical integration-by-parts formula, whose proof can be found, for
instance, in [8, §1.3]. Let V and H be Hilbert spaces such that V < H < V*  and denote by
W (a,b; V) the set of functions u € L%(a,b; V) such that u’ € L?(a,b; V*), where the derivative
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v/ is meant in the sense of V*-valued distributions. The duality of V and V* as well as the

scalar product of H will be denoted by (-, ).

Lemma 1.4.2. Let u € W(a,b; V). Then there exists u € C([a,b]; H) such that u(t) = u(t) for
almost all t € [a,b]. Moreover, for any v € W(a,b;V), (u,v) is absolutely continuous on [a, D]

and
d

%<u(t), v(t)> = <u’(t),v(t)> + <u(t),v'(t)>.

The following compactness criterion is due to Simon, see |77, Corollary 4, p. 85].

Lemma 1.4.3. Let Ey, Ey, E3 be three Banach spaces such that Ei < FEy and Fy < Ej3
compactly. Assume that F is a bounded subset of LP(0,T; E1) NWY(0,T; E3) for some p > 1.
Then F is relatively compact in LP(0,T; E5).

1.5 Hilbert-Schmidt operators

Let us recall now some standard facts about linear maps. For general definitions and properties
of Hilbert-Schmidt operators we refer to [56]. We recall that the space of continuous linear
operators from a Banach space E to another one F', equipped with the strong operator topology,
is denoted by % (E, F). If E and F are Hilbert spaces, the space of Hilbert-Schmidt operators
Z?(E, F) is an operator ideal, in particular it is stable with respect to pre-composition as well

as post-composition with continuous linear operators: if H and K are also Hilbert spaces, and

with R and L continuous linear operators, then LTR € #?(H, K), with

IZT Rl o016y < Il 210 I Tl 2, |1l 1,

(see, e.g., |20, p. V.52]). It follows from these properties that, for any T € Z?(E, F), the
mapping

dr: Z(F,K) — L*(E,K)
L+— LT

is continuous: L, — L in .Z,(F, K) implies that L,T — LT in £*(E,K). If E and F are
separable, then .Z2(FE, F) is itself a separable Hilbert space.

Lemma 1.5.1. Given two Hilbert spaces U and H, if G is a progressively measurable process
with values in £?(U, H) such that

T
B [ 160 gy s <

and F is a progressively measurable H-valued process such that E(F})? < oo, then, for any

e >0,
B((FG) W); < cB(Ff) + NI [ 606)Yaq
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Proof. By the ideal property of Hilbert-Schmidt operators, one has

[FS)G$) 0, < IF G GO 20,10y
< (Fp)[|G(s)

2*(U,H)

for all s € [0, T, hence

T T
LRGN aqayds < FD? [ GO ot

where the right-hand side is finite P-a.s. thanks to the assumptions on F' and G. Then (FG)-W

is a local martingale, for which Davis’ inequality yields

*

E((FG)- W), 12

T
T ) 1/2
_ E< /O IFOCE) ds)

< E(F%)( / et

SE[(FG)- W, (FG) - W]

) 1/2
22 (U.H) ds) .
The proof is finished invoking the elementary inequality

ab < = (ea® + ébQ) Va,b € R. O

N =

1.6 Classical variational approach to SPDEs

Let us recall the classical variational approach to stochastic evolution equations: the reader

may refer to [56].

Given a positive real number T, let (2, #,P) be a probability space endowed with a filtration
(Zt)tejo,r) which is saturated and right-continuous. Let us consider also a separable Hilbert
space H and a separable Banach space V' which is continuously and densely embedded in H.
Then, if we identify H with its dual H* through the Riesz isomorphism, we have the following
dense and continuous inclusions:

Vo HsVE.

Let W = (W (t))epo,r] be a cylindrical Wiener process on a separable Hilbert space U, and

consider some operators
A:Qx[0,T]xV = V*, B:Qx[0,T|xV — Z*U, H)

which are progressively measurable, i.e. the restrictions of A and B to Q x [0,t] x V are % ®
A([0,t]) @ B(V)-measurable for every ¢ € [0,T].

In this setting, we are interested in solving stochastic evolution equations in the following

variational form:
dX(t) + A(t, X (t))dt = B(t, X (¢t)) dW (1), X(0) = Xo.

The classical variational approach to this type of stochastic evolution equations requires the

following assumption on A and B.
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(i) (Hemicontinuity). For every z,y,z € V and (w,t) € Q x [0, 7], the map
s (Alw, t,z + sy), w), s E€R,

is continuous.

(ii) (Weak monotonicity). There exists a constant k& > 0 such that, for every z,y € V and
(w,t) € Qx[0,T],

1
<A(w,t,x) - A(w7t7y)7x - y> - §||B(w7t7x) - B(w7t7y)|f‘52(U,H)

> —klz -yl
(iii) (Weak coercivity). There exist constants ki, k2 > 0, p > 1 and an adapted process
f € LY(Q x (0,7T)) such that, for every z € V and (w,t) € Q x [0,7],
1
(Alw, t,z),z) — §||B(w,t,$)|\_,2gz<U,H> > kallz ][}, — kall2l|® = f(w, ).
(iv) (Weak boundedness). There exists a constant k3 > 0 and an adapted process g € L'(Q x
(0,T)) such that, for every z € V and (w,t) € Q x [0, T,

P
[A(w, t, )|~ < kallzlly + g(w, 1).

In this setting, we have the following main results.

Proposition 1.6.1. Let A and B satisfy conditions (i)—(iv) and let Xo € L*(Q, %o, P; H).

Then, there exists a unique adapted process
X € L(Q;C([0,T); H)) N LP(Q x (0,T); V)
such that

X))+ /Ot A(s, X (s))ds = Xo + /OtB(s,X(s)) dW(s) Vtel0,T], P-a.s.

Proposition 1.6.2. Let Yy € L?*(Q,.%9,P;H), p > 1 and Z,G be progressively measurable

processes such that

ZeLrt1(Qx (0,T): V"),  GeL*QL*0,T); Z*U, H)).
If a process Y satysfies

Y € LP(Q x (0,T); V), Y(t) € L*(Q; H)  for a.e. t € (0,T)

and
Y (¢) —|—/ Z(s)ds :YO—I—/ G(s)dW(s) Vtel0,T], P-a.s.,
0 0
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then' Y € L*(Q;C([0,T); H)) and the following Ité’s formula holds:

1 ¢ 1 1 [
SV + [ (26 s = S 1%l 45 [ 166 e ds
0 0

—l—/tY(s)G(s) dw(s) Vte[0,T], P-a.s.
0

1.7 Tightness, Markovian semigroups, ergodicity

Let (F,&) be a measurable space. The set of probability measures on (F,&) is denoted by
A (E) and endowed with the topology o(.#1(F), Cy(E)), which we shall call the narrow topol-
ogy. We recall that a subset A" of .#,(F) is called (uniformly) tight if for every € > 0 there
exists a compact set K. such that u(F\ K.) < ¢ for all u € 4. The following characterization

of relative compactness of sets of probability measures is classical (see, e.g., [19, §5.5]).

Theorem 1.7.1 (Prokhorov). Let E be a complete separable metric space. A subset of 41 (E)

1s relatively compact in the narrow topology if and only if it is tight.

A family P = (P,);>0 of Markovian kernels on a measure space (E, &) such that P, = P, P,
for all t,s > 0 is called a Markovian semigroup. We recall that a Markovian kernel on (E, &)
is amap K : E x & — [0,1] such that (i) z — K(z,A) is &-measurable for each A € &,
(i) A — K(x,A) is a measure on & for each x € E, and (iii) K(z,F) = 1 for each « € E.
A Markovian kernel K on (E, &) can naturally be extended to the space b& of &-measurable

bounded functions by the prescription
fros K= [ f0)K(a).
E

Then K : b& — b& is a linear, bounded, positive, o-order continuous map. Similarly, K can be

extended to positive measures on & setting

pr—s ik ()= [ K. utao)

The notations P, f and pP;, with f &-measurable bounded or positive function and p positive
measure on &, are hence to be understood in this sense. We shall also assume that Py = I and
that (¢,2) — P, f(x) is B(Ry) @ &-measurable.

A probability measure p on & is said to be an invariant measure for the Markovian semigroup
Pif

/Ptfdu:/fd,u Vfebs, Vt>0,
E E

or, equivalently, if uP, = p for all ¢ > 0. If P admits an invariant measure pu, then it can be

extended to a Markovian semigroup on LP(FE, i), for every p > 1. The invariant measure p is

said to be ergodic for P if

1
lim —
t—oo t

t
/Psfds:/fdu in L*(E,u) VfeL*(E,u),
0 E

and strongly mixing if

lim Ptf:/fdu in L*(E,u) VfeL*(E,p).
t—+oo E
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We recall the following classical fact on the structure of the set of ergodic measures: the
ergodic invariant measures for P are the extremal points of the set of its invariant measures.
In particular, if P admits a unique invariant measure p, then p is ergodic. In order to state a
criterion for the existence of invariant measures, let us introduce, for any probability measure

v € #1(E), the family of averaged measures (1} );>o defined as

1 [t
wy = f/ vPds.
tJo

Theorem 1.7.2 (Krylov and Bogoliubov). Let (P,);>0 be a (time-homogeneous) Markovian

transition semigroup on a complete separable metric space E. Assume that
(a) (Py)i>0 has the Feller property, i.e. that it maps Cy(E) into Cyp(E);
(b) there exists v € M1 (E) such that the (1f)i>0 C A1 (E) is tight.
Then the set of invariant measures for (Py)i>o s non-empty.

Note that if z € F and v is the Dirac measure at z, then vP; = Ps(x,-). Then condition

(b) is satisfied if there exists € E such that the family of measures

(1 /Ot P (x, -)ds)t>0

is tight. This latter condition is satisfied, for example, if (P;(x,-))i>0 C A1 (E) is tight.






Chapter 2

Singular semilinear equations:

global well-posedness

In this chapter, we prove global well-posedness for a class of dissipative semilinear stochastic
evolution equations with singular drift and multiplicative Wiener noise. In particular, the
nonlinear term in the drift is the superposition operator associated to a maximal monotone
graph everywhere defined on the real line, on which neither continuity nor growth assumptions
are imposed. The hypotheses on the diffusion coefficient are also very general, in the sense that
the noise does not need to take values in spaces of continuous, or bounded, functions in space
and time. Our approach combines variational techniques with a priori estimates, both pathwise
and in expectation, on solutions to regularized equations.

The results presented in this chapter are part of a joint work with Carlo Marinelli, to apper
on Annals of Probability: see [65].

2.1 The problem: literature and main goals

Our aim is to establish existence and uniqueness of solutions, and their continuous dependence
on the initial datum, to the following semilinear stochastic evolution equation on L?(D), with
D c R? a bounded domain:

dX(t) + AX(t)dt + B(X (1)) dt 5 B(t, X (1)) dW(t),  X(0) = Xo, (2.1.1)

where A is a linear maximal monotone operator on L?(D) associated to a coercive Markovian
bilinear form, § is a maximal monotone graph in R x R defined everywhere, W is a cylindrical
Wiener process on a separable Hilbert space U, and B takes values in the space of Hilbert-
Schmidt operators from U to L?(D) and satisfies suitable Lipschitz continuity assumptions.
Precise assumptions on the data of the problem and on the definition of solution are given
below. Since any increasing function Sy : R — R can be extended in a canonical way to a
maximal monotone graph of R x R by “filling the gaps” (i.e., setting 3(x) := [Bo(z™), Bo(x™)]
for all z € R, where 8(x~) and 8(z™) denote the limit from the left and from the right of 3y at
x, respectively), Equation (2.1.1) can be interpreted as a formulation of the stochastic evolution

equation
dX (t)+ AX(t)dt + Bo(X (t)) dt = B(t, X (t)) dW (t), X(0) = Xo.

31
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Semilinear equations with singular and rapidly growing drift appear, for instance, in mathemat-
ical models of Euclidean quantum field theory (see, e.g., [1] for an equation with exponentially
growing drift), and, most importantly for us, cannot be directly treated with the existing
methods, hence are interesting from a purely mathematical perspective as well. In particular,
the variational approach (see [46,72]) works only assuming that 8 satisfies suitable polynomial
growth conditions depending on the dimension n of the underlying Euclidean space (see also [56,
pp. 137-ff] for improved sufficient conditions, still dependent on the dimension), whereas most
available results relying on the semigroup approach require just polynomial growth, although
usually compensated by rather stringent hypotheses on the noise (see, e.g., [27,28]). Under
natural assumptions on the noise, well-posedness in LP spaces is proven, with different meth-
ods, in [47], under the further assumption that 8 is locally Lipschitz continuous, and in [58].
A common basis for both works is the semigroup approach on UMD Banach spaces. A special
mention deserves the short note 9], where the author considers problem (2.1.1) with A = —A
and B independent of X, and proves existence of a pathwise solution* assuming that the so-
lution Z to the equation with 8 = 0 (i.e., the stochastic convolution) is jointly continuous in

space and time. Furthermore, assuming that

E/OT/DJ'<Z><oo,

where j is a primitive of 3, he obtains that the pathwise solution may admit a version that can
be considered as a generalized mild solution to (2.1.1). This is the only result we are aware
of about existence of solutions to stochastic semilinear parabolic equations without growth
assumptions on the drift in any dimension.
It is well known that a well-posedness theory for stochastic evolution equations on a Hilbert
space H of the type
du + Audt 5 B(u) dW, u(0) = wo,

with A an arbitrary (nonlinear) maximal monotone operator, is, in full generality, not yet
available, even if B does not depend on u and is a fixed non-random operator. However, a
satisfactory treatment in the finite-dimensional case has been given by Pardoux and Ragcanu

in 73, §4.2], where the authors consider stochastic differential equations in R™ of the type
dX; + A(X;)dt + F(t, X)) dt > G(t, Xy) dBy,

where A is a (multivalued) maximal monotone operator whose domain has non-emtpy interior,
B is a k-dimensional Wiener process, G satisfies standard Lipschitz continuity assumptions,
and F(t,-) is continuous and monotone (not necessarily Lipschitz continuous). While the as-
sumptions on A are not restrictive in finite dimensions, unbounded linear operators generating
contraction semigroups in infinite-dimensional spaces, as in our case, have dense domain, whose
interior is hence empty.

On the other hand, in the deterministic setting complete results have long been known for

equations of the type
du

dt
even in the much more general setting where A is a (multivalued) m-accretive operator on a
Banach space E and f € LY(0,T;E) (see, e.g., [8,22]). Although a solution to the general

+Au9f, U(O)ZUO;

*To avoid misunderstandings, we should clarify once and for all that with this expression we do not refer to
a solution in the sense of rough paths, but simply “with w fixed”.
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stochastic problem does not currently seem within reach, significant results have been obtained
in special cases: apart of the above-mentioned works on semilinear equations, well-posedness for
the stochastic porous media equation under fairly general assumptions is known (see [12], where
the same hypotheses on § imposed here are used and the noise is assumed to satisfy suitable
boundedness conditions, and [13]| for an extension to jump noise). Moreover, the variational
theory by Pardoux, Krylov and Rozovskil is essentially as complete as the corresponding de-
terministic theory. As mentioned above, however, large classes of maximal monotone operators

on H = L?(D) cannot be cast in the variational framework.

The main contribution of this chapter is a well-posedness result for (2.1.1) under the most
general conditions known so far, to the best of our knowledge. These conditions are quite sharp
for A, but not for 8. In particular, the conditions on A are close to those needed to show that
A+ B() is maximal monotone on L?(D), but the hypothesis that 3 is finite on the whole real
line is not needed in the deterministic theory. Finally, the conditions on B are the natural ones
to have function-valued noise, and are in this sense as general as possible. Equations with white
noise in space and time, that have received much attention lately, are not within the scope of

our approach (nor of others, most likely, under such general conditions on f3).

Let us now briefly outline the structure of the chapter and the main ideas of the proof.
Section 2.2 contains the statement of the main well-posedness result, and in Section 2.3 we dis-
cuss the hypotheses on the drift and diffusion coefficients, providing corresponding examples.
In Section 2.4 we consider a version of equation (2.1.1) with additive noise satisfying a strong
boundedness assumption. Using the Yosida regularization of 3, we obtain a family of approxi-
mating equations with Lipschitz coefficients, which can be treated by the standard variational
theory. The solutions to such equations are shown to satisfy suitable uniform estimates, both
pathwise and in expectation. Such estimates allow us to obtain key regularity and integrability
properties for the solution to the equation with additive bounded noise. A crucial role is played
by Simon’s compactness criterion, which is applied pathwise, and by compactness criteria in
L' spaces, applied both pathwise and in expectation. It is, in essence, precisely this interplay
between pathwise and “averaged” arguments that permits to avoid many restrictive hypotheses
of the existing literature. An abstract version of Jensen’s inequality for positive operators,
combined with the lower semicontinuity of convex integrals, is also an essential tool. In Sec-
tion 2.5 we prove well-posedness for equations with additive noise removing the boundedness
assumption of the previous section. This is accomplished by a further regularization scheme,
this time on the diffusion operator B, and by a priori estimates for solutions to the regularized
equations. A key role is played again by a combination of estimates and passages to the limit
both pathwise and in expectation. We also prove continuity of the solution map with respect
to the initial datum and the diffusion coefficient, by means of It6’s formula and regularizations,
for which smoothing properties of the resolvent of A are essential. Finally, in Section 2.6 we
obtain well-posedness in the general case by a fixed-point argument, using the Lipschitz conti-
nuity of B only. Introducing weighted spaces of stochastic processes, we obtain directly global

well-posedness, thus avoiding a tedious construction by “patching” local solutions.

Some tools and reasonings used in this chapter are obviously not new: weak compactness
arguments in L', for instance, are extensively used in the literature on partial differential equa-
tions (see, e.g., [17,21] and references therein), as well as, to a lesser extent, in the stochastic
setting (cf. [9,12,60]). However, even where similarities are present, our arguments are consider-
ably streamlined and more general. The pathwise application of Simon’s compactness criterion,
made possible by a construction based on the variational framework, seems to be new, at least

in the context of stochastic evolution equations. It is in fact somewhat surprising that the
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variational setting, which notoriously fails when dealing with semilinear equations, is at a basis
of an approach that leads to well-posedness of those same equations, even with singular and

rapidly increasing drift.

2.2  Main results

In this section, after fixing notation and conventions used throughout the chapter, we state our

main result.

2.2.1 Notation and assumptions

All functional spaces will be defined on a smooth bounded domain D C R%. We shall denote
L?(D) by H and its inner product by (-,-).

All random quantities will be defined on a fixed probability space (Q,.#,P) endowed with
a right-continuous and saturated filtration F := (.%),c[o,7], where T is a positive number. All
expressions involving random quantities are meant to hold P-almost surely, unless otherwise
stated. With W we shall denote a cylindrical Wiener process on a separable Hilbert space U,

that may coincide with H, but does not have to.
The following assumptions on the data of the problem are assumed to be in force throughout
and will not always be recalled explicitly.

Assumption A. Let V be Hilbert space that is densely, continuously, and compactly embedded
in H. The linear operator A belongs to £ (V,V*) and satisfies the following properties:

(i) there exists C' > 0 such that

(Av,v) > C’||v||%, Yv e V;

(ii) the part of A in H admits a unique m-accretive extension A; in L!(D);
(iii) the resolvent ((1 + )‘A1>_1)>\>o is sub-Markovian;

(iv) there exists m € N such that

(1 + Al)ime(Ll(D),LM(D)) =0

Here we have used (-,-) also to denote the duality pairing of V' and V*, which is compatible
with the scalar product in H. In fact, identifying H with its dual, one has the so-called Gel'fand
triple

Ve H<V"

where both embeddings are dense (see, e.g., [50, §2.9]). Moreover, we recall that the part of
A in H is the operator A; on H defined as D(Az) := {z € V : Au € H} and Ayzx := Az for
all x € D(As). If one identifies the operators with their graphs, this is equivalent to setting
Ay := AN (V x H). We shall often refer to condition (i) as the coercivity of A. The sub-
Markovianity condition (iii) amounts to saying that, for all functions f € L'(D) such that
0 < f <1, one has

0<(I+A)'f<

In other words, (I + A;)~! is positivity preserving and contracting in L°°(D).
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From Section 2.4 onwards, we shall often use the symbol A to denote also A; and As.
Let us observe that if A is the negative Laplacian with Dirichlet boundary conditions, all
hypotheses are met. Much wider classes of operators satisfying hypotheses (i)-(iv) will be given

below.
Assumption B. 3 is a maximal monotone graph of R x R such that D(3) = R, 0 € 5(0), and
its potential j is even.

We recall that the potential j of 8 is the convex, proper, lower semicontinuous function j : R —
Ry, with j(0) = 0, such that 9j = 3, where 9 stands for the subdifferential in the sense of

convex analysis.

Assumption C. The diffusion coefficient
B:Qx[0,T] x H— Z*U,H)

is Lipschitz continuous and grows linearly in its third argument, uniformly over 2 x [0, T], i.e.,

there exist constants Lpg, Np such that

HB(W, t,r) — B(w,t, y)H,%Q(U,H) < Lg|z - yHH’
HB(w,t,m)ng(Uﬂ) < NB(I + ||x||H)
forallw € Q,t € [0,T], and z, y € H. Moreover, B(-,-, ) is progressively measurable for all
x € H, ie., for all t € [0,T], the map (w, s) — B(w,s,x) from Q x [0,¢], endowed with the o-
algebra .7, ® %(]0,1]), to £?(U, H), endowed with its Borel o-algebra, is strongly measurable.
We recall that, since U and H are separable, the space of Hilbert-Schmidt operators .#2(U, H)
is itself a separable Hilbert space, hence strong and weak measurability coincide. Whenever we

deal with maps with values in separable Banach spaces, since strong and weak measurability

coincide, we shall drop the qualifier “strong”.

2.2.2 The well-posedness result

Definition 2.2.1. Let Xy be an H-valued Fy-measurable random variable. A strong solution

to the stochastic equation (2.1.1) is a pair (X, &) satisfying the following properties:

(i) X is a measurable adapted V -valued process such that AX € L*(0,T;V*) and B(-,X) €
L?(0,T; £*(U, H));

(ii) € is a measurable adapted L*(D)-valued process such that & € LY(0,T; LY (D)) and & €
B(X) almost everywhere in (0,T) x D;

(iii) one has, as an equality in L*(D) NV*,

X(t)—i—/o AX(s)ds+/0 g(s)ds=xo+/0 B(s, X () dW (s)
for all t €10,T7.

Note that L'(D) N V* is not empty because D has finite Lebesgue measure, hence, for
instance, H is contained in both spaces.

Let us denote by _# the set of pairs (¢, (), where ¢ and ¢ are measurable adapted processes
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with values in H and L*(D), respectively, such that

¢ € L?(Q; L>=(0,T; H)) N L*(; L2(0,T;V)),
¢e L' x[0,T] x D),
§(¢) +357(¢) € L' x [0,T] x D).

We shall say that (2.1.1) is well posed in _# if there exists a unique process in ¢ which is
a strong solution and such that the solution map X, + X is continuous from L2(2; H) to
L2(Q; L>=(0,T; H)) N L3(Q; L*(0,T; V)).

The central result of this chapter is the following.

Theorem 2.2.2. Let X € L*(Q, %o,P; H). Then (2.1.1) is well-posed in ¢ . Moreover, the
solution map Xo — X is Lipschitz continuous and the paths of X are weakly continuous with

values in H.

Let us stress the fact that the more general problem of unconditional well-posedness (i.e.
without the extra condition that strong solutions belong to _#) remains open and is beyond
the scope of the techniques used in this chapter. In particular, we can only prove uniqueness
of solutions within 7.

2.3 Examples and remarks

Some comments and examples on the assumptions on the data of the problem are in order. In
particular, the hypotheses on A deserve special attention. The coercivity condition (Av,v) >
C||v\|‘2/ for all v € V is equivalent to A € .Z(V,V*) being determined by a bounded V-elliptic
bilinear form & : V x V — R, i.e. such that

€@, o)l S llullylolly, — E0) = Clolly,  YuveV.

This is an immediate consequence of the Lax-Milgram theorem, which also implies that A is an
isomorphism between V and V* (see, e.g., [7, §5.2] or [70, Lemma 1.3]).

The bilinear form & can also be seen as a closed unbounded form on H with domain V.
This defines a (unique) linear m-accretive operator As on H, that is nothing else than the part
of Ain H (see, e.g., [7, §5.3] or [70, p. 34]). Conversely, given a positive closed bilinear form &

on H with dense domain D(&) satisfying the strong sector condition*
& (u, )| < E(u, u)2E (v, v)/? Yu,v € D(&),

and such that &(u,u) > 0 for all u € D(&), u # 0, setting V' := D(&’) with inner product given
by the symmetric part &° of &, that is

& (u,v) = = (E(u,v) + E(v,u)), u,v € D(&),

| =

there is a unique linear operator A € Z(V,V*) such that &(u,v) = (Au,v) for all u,v € V.
This amounts to trivial verifications, since, obviously, & (u,u) = &*(u,u) for all u € D(&). As

a particular case, let A’ be a linear positive self-adjoint (unbounded) operator H such that

TWe prefer this terminology, taken from [50], over the currently more common “V-coercive”, to avoid possible
confusion with related terminology used in the theory of Dirichlet forms, where coercivity is meant in a somewhat
different sense (cf. [57, Definition 2.4, p. 16]).

fThroughout this section we shall follow the terminology on Dirichlet forms of [57].
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(A'u,u) > 0 for all u € D(A), v # 0. Then A’ admits a square root v A’, which is in turn a
linear positive self-adjoint operator on H. One can then define the Hilbert space V := D(vV A’),

endowed with the inner product
(u,v)y, = <\/Iu, \/Ev>,
and the symmetric bounded bilinear form & : V x V — R,
E(u,v) = <mu,@v>, u,v €V,

which is obviously V-elliptic. By a theorem of Kato ( [44, Theorem 2.23, p. 331]), there is in
fact a bijective correspondence between linear positive self-adjoint operators on H and positive
densely-defined closed symmetric bilinear forms. More generally, if A’ is a linear (unbounded)

m-~accretive operator on H such that
|<A’u,v>’ < (A’u,u>1/2<A’v,v>1/2 Vu,v € D(A"),

and (A'u,u) > 0 for all u € D(A’), u # 0, then there exists a (unique) closed V-elliptic bilinear
form & that determines an operator A € Z(V,V*), with V := D(&) and (,-),, := &%, such
that A’ is the part on H of A. This follows, for instance, by [57, p. 27].

Note, however, that in the previous examples V may not be continuously embedded in H,
unless & satisfies a Poincaré inequality, i.e. ||u||§1 < &(u,u) for all uw € D(&) (as is the case, for
instance, for the Dirichlet Laplacian). This limitation is resolved by the following important
observation: our well-posedness result continues to hold if we assume, in place of hypothesis

(i), the following weaker one:

(i’) there exist constants Cy > 0, C3 € R such that

(Av,v) > Cullv]l} = Calvlls; Vv eV,

which is clearly equivalent to assuming that A := A+ Cy[ is V-elliptic. Under this assumption,

equation (2.1.1) can equivalently be written as
dX (t) + AX (t)dt + B(X () dt = Co X (t) dt + B(t, X (t)) dW (t).

The only added complication in the proofs to follow would be the appearance of functional
spaces with an exponential weight in time, very much as in the proof of Proposition 2.5.2
below. An analogous argument, in a slightly different context, is developed in detail in [58].
This seemingly trivial observation allows to considerably extend the class of operators A that

can be treated. For instance, one has the following criterion.

Lemma 2.3.1. A coercive closed form & on H uniquely determines an operator A satisfying
(i).
Proof. The hypothesis of the Lemma means that & is a densely defined bilinear form such that

its symmetric part &° is closed and & satisfies the weak sector condition

< & (u,u) 28 (v,0)'/? Yu,v € D(&),

~

|é°"1 (u, v)|

where &, := & + I. In other words, & satisfies the weak sector condition if the shifted form

& + I satisfies the strong sector condition. Therefore, adapting in the obvious way an argument
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used above, it is enough to take V' := D(&’) with inner product (-,-),, := (-,-) ; + &° to obtain
that the generator As of & can be (uniquely) extended to an operator A € Z(V,V*) satisfying

Note that in all the above constructions one has V' < H densely and continuously (under
appropriate assumptions), but the embedding is not necessarily compact. The latter condition
has to be proved depending on the situation at hand. For a general compactness criterion in

terms of ultracontractivity properties, see Proposition 2.3.3 below.

As regards condition (ii), the simplest sufficient condition ensuring that A, admits an m-
accretive extension A; in L*(D) is that — A, is the generator of a symmetric Markovian semi-
group of contractions Se on H, or, equivalently, that As is positive self-adjoint with a Markovian
resolvent. In fact, this implies that, for any p € [1, oo[, there exists a (unique) symmetric Marko-
vian semigroup of contractions S, on LP(D) such that all S,, 1 < p < oo, are consistent, hence
the corresponding negative generators A, coincide on the intersections of their domains (see,
e.g., [32, Theorem 1.4.1]). In the general case, i.e. if A is not self-adjoint, the same conclusion
remains true if the semigroup S and its adjoint S5 are both sub-Markovian, or, equivalently, if
Sy is sub-Markovian and L!-contracting (cf. |7, Lemma 10.13 and Theorem 10.15] or |70, Corol-
lary 2.16]). In particular, if Ay is the generator of a Dirichlet form on H, these conclusions
hold. Moreover, since the resolvent of A; is sub-Markovian if and only if the resolvent of A, is

sub-Markovian, we obtain the following complement to the previous Lemma.

Lemma 2.3.2. A Dirichlet form & on H uniquely determines an operator A satisfying (1°),
(ii), and (iii).

Without assuming that 53 is sub-Markovian (which is the case, for instance, if A is de-
termined by a semi-Dirichlet form on H, so that (i’) and (iii) only are satisfied), we note that
D(Ay) is dense in L!(D), and the image of I+ A is dense in L!(D): the former assertion follows
by D(A2) C L?(D) densely and L?(D) C L*(D) densely and continuously. Moreover, since A
generates a contraction semigroup in L?(D), the Lumer-Phillips theorem (see, e.g., [36, p. 83])
implies that R(I + A3) = L2(D), hence R(I + As) is dense in L'(D). The Lumer-Phillips
theorem again guarantees that the closure of Ay in L'(D) is m-accretive if Ay is accretive in

LY(D). The latter property is often not difficult to verify in concrete examples.

The most delicate condition is (iv), i.e. the ultracontractivity of suitable powers of the

resolvent of Aj. If Ay is self-adjoint, a simple duality arguments shows that, for any ¢ > 0,

||52 < HSQ(t/Q

2
(t)Hz(Ll,Lm) )||$(L2,L°°)'

Sufficient conditions for S3(t) to be bounded from L?(D) to L*°(D) are known in terms, for
instance, of logarithmic Sobolev inequalities, Sobolev inequalities, and Nash inequalities (see,
e.g., [32, Chapter 2] and [70, Chapter 6]). The non-symmetric case is more difficult, but
ultracontractivity estimates are known in many special cases, such as in the examples that we
are going to discuss next. Ultracontractivity estimates for powers of the resolvent can then be
obtained from estimates for the semigroup, as explained below. The following result (probably
known, but for which we could not find a reference) shows that hypothesis (iv) guarantees that

the embedding D(&) < H is compact, thus answering a question left open above.

Proposition 2.3.3. Let Ay be the generator of a closed coercive form & in H. If there exists
m € N such that the m-th power of the resolvent of As is bounded from L?(D) to L>°(D), then
D(&) is compactly embedded in H.
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Proof. Let (ug)r be a bounded sequence in D(&), i.e., there exists a constant N such that
luglly + & (up,w) <N Wk eN.

In particular, there exists a subsequence of k, denoted by the same symbol, such that wuy
converges weakly to v in H as k — oo. The goal is to show that the convergence is in fact
strong. Since D(A%") C L*°(D) by assumption, it follows by a result of Arendt and Bukhvalov,
see [6, Theorem 4.16(b)], that the resolvent Jy := (I + AA3)~! is a compact operator on H for
all A > 0. The triangle inequality yields

s — ull <l = Tnull + | Tawe = Tull + | Taw = ]l

where the second term on the right-hand side converges to zero as k — oo by compactness of
Jx. Moreover, since Jy — I in Z;(H, H) as A\ — 0, the third term on the right-hand side can
be made arbitrarily small. Therefore we only have to bound the first term on the right-hand
side: note that I — Jy = AAj, where Ay, A > 0, stands for the Yosida approximation of As,
hence ||ur — Jaug|| = A||Axuk||, and

(Anug, u) = (Anug, up — Jaug + Jaug) = M Axug|)® + (Axug, Jau)
> M| Ayug|)?,

where we have used, in the last step, the identity Ay = AsJ) and the monotonicity of As.
Since, by [57, Lemma 2.11(iii), p. 20], one has

617 (w0)| S Gi(ww)?EP (0,0)2 YueD(&), v e H,

where &M (u,v) := (Ayu,v), u,v € H, and the implicit constant depends only on &, it follows
that
éol()\) (u,u) S E1(u,u) Yu € D(&),

hence
g — Tnugl® = A2| Axuel? < MAxug, ue) = AED (wp, ur) < A (ug, ug).-

By the assumptions on the sequence (uy),
(s, ur) = [Jur]|* + & (ur, ur) = [Juel|® + & (wk, ux)

is bounded uniformely over k, hence |uj, — Jyug|* can be made arbitrarily small as well, thus

proving the claim. O

Let us now consider some concrete examples: we first consider the case of A being a suitable

“realization” of a second-order differential operator, and then of a nonlocal operator.

Example 2.3.4 (Symmetric divergence-form operators). Consider the bilinear form & on V :=
H}(D) defined by
& (u,v) = <aVu,Vv> = Z a0 u0kv,
g k=1
where a = (a;) with a;; € L>(D) for all j, k, and a;; = ay;. The (formal) differential operator

associated to & is
Agu := —div(aVu), u e C(D),
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where C2°(D) stands for the set of infinitely differentiable functions with compact support
contained in D. The form & is V-elliptic if there exists C' > 0 such that (a,¢) > C|¢|? for all
¢ € R Moreover, if there exists a positive function u € C(D) such that (a&, &) < u(€)[¢]? for
all ¢ € RY, then Ay has sub-Markovian resolvent (details can be found, e.g., in [32, Chapter 1]
and, in much more generality, in [57, Chapter II]). Ultracontractivity estimates follow as a

special case of the corresponding estimates for non-symmetric forms treated next.

Example 2.3.5 (Non-symmetric divergence operators with lower-order terms). Consider the

differential operator on smooth functions

Aou = —div(aVu) + b - Vu — div(cu) + apu

= — Z 8j(aj;€(“)ku) + Z(bjaju — 8j(Cju)) + apu,

Jk=1 j=1

where a;i, b;, ¢j, ap € L*°(D), and the associated (non-symmetric) bilinear form & on V :=
H}(D) is defined as

& (u,v) = (aVu, Vo) + (b Vu,v) + (u,c- Vo) + {agu, v)

= /D (Z a0 Ok + Z(bjajuv + cjuajv) + aouv).
Jk j

The bilinear form & is continuous, as it easily follows from the boundedness of its coefficients.
If there exists a constant C' > 0 such that (a, &) > C\f|27 then & is not V-elliptic, but satisfies
the weaker estimate

E(u,u) 2 Cullully, = Collullyy — VueV,

where C7 > 0 and Cy € R (see, e.g., |7, §11.2] or |70, p. 100]), i.e. the corresponding operator
A satisfies (i”), but not (i). Using the Poincaré inequality, it is not difficult to show that & is
V-elliptic if the diameter of D is small enough (see [31, pp. 385-387]). If we furthermore assume
that ag—div e > 0 (in the sense of distributions), then the semigroup S, is sub-Markovian, and so
is also the resolvent of Ay. Similarly, if ag —divb > 0,% then the semigroup S, is L'-contracting
(these results can be found, for instance, in |7, Proposition 11.14], or deduced from [70, §4.3]).
As already mentioned above, this implies that Ss can be extended to a consistent family of
semigroups S, for all p € [1, 00[. Finally, let us discuss ultracontractivity: if & is V-elliptic, and

Sy as well as S5 are sub-Markovian, then a reasoning based on the Nash inequality

lull 72 < Nlfull 5 [lull 32" vue B,
implies the estimate
HS2(t)H,,§f(L1,L°°) < Nyt

where Ny := (Nn/(Qa))n/2. For a proof, see, e.g., [5, Theorem 12.3.2] or [70, p. 159]. The

Laplace transform representation of the resolvent yields

A o
(T+AA) ™ = m/o e S de

$These two conditions involving ap and the divergence of b, ¢, are not restrictive, as they are close to necessary
to ensure that the bilinear form & is positive. This can be seen by a simple computation based on integration
by parts, cf. [57, p. 48].
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(see, e.g., [T, p. 17] or [74, p. 21]), hence

(7 + AA) ™

AT >
< m—1-n/2 _—A\t
L(LY,L>) ~ (m — 1)' /0 3 € dt.

Thus it suffices to choose m large enough to infer the ultracontractivity of the m-th power of

the resolvent.

Example 2.3.6 (Fractional Laplacian). Let A be the Dirichlet Laplacian on H. Since it is
a positive self-adjoint operator, it follows that, for any a € |0,1[, (—A)® is itself a positive

self-adjoint (densely defined) operator on H. Furthermore, the bilinear form
&(u,0) = ((=8)"u,0) = ((=A)*?u, (=A8)*?v), w0 € D((=A)*/?),

is a symmetric Dirichlet form on H, which, as already seen, uniquely determines an operator
A satisfying conditions (i’), (i), and (iii): in particular, V = D((—A)%/2), equipped with the
scalar product (-,-);, := (-,-) + &, and A is just the extension of (—A)®, generator of &, to V.
In order to prove (iv), we are going to use again an argument based on the Nash inequality,
which is however more involved as before. In particular, since —A satisfies the Nash inequality
2+4/n 4/n

lall 75" S (—awwflull})" Ve H,
a result by Bendikov and Maheux, see [14, Theorem 1.3], implies that the fractional power
(—A)> satisfies the Nash inequality

2+4a/n a da/n

el z=™" S (=) wwlul 27" ¥u € D).

It follows by a general criterion of Varopoulos, Saloff-Coste and Coulhon (attributed to Ph. Béni-
lan), see [81, Theorem I1.5.2], that the semigroup S, on H generated by (—A)* satisfies the

ultracontractivity estimate

—n/2
<t n/ oz7

1Sa®)ll 221 1) =

from which corresponding estimates for suitable powers of the resolvent can be deduced, as in

the previous example.

Related results on ultracontractivity and smoothing properties of semigroups generated by

non-local operators, arising as generators of Markov processes, can be found, e.g., in [39,48].

We proceed with a brief discussion about the relation between our hypotheses on A and
those needed in the deterministic setting, where it is enough to prove that A + § is maximal
monotone in H to get well-posedness of the nonlinear equation, for any right-hand side belonging
to LY(0,T; H). Probably the most widely used criterion for the maximal monotonicity of the
sum of two maximal monotone operators on H, at least with applications to PDE in mind,
is the following: let F' be a maximal monotone operator on H and ¢ a lower semi-continuous

proper convex function on H. If
(I +AF)""u) < p(u)+CX VA>0, Yu € D(p), (2.3.2)

then F' + Op is maximal monotone (see [21, Theorem 9, p. 108]). In the case of semilinear

perturbations of the Laplacian of the type —A + 3, this result is used as follows: let ¢ be such
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that —A = 9y, and
[ twyds, it i) € L'(D)
Yru— /D

+o0, if j(u) ¢ L'(D).

Then ¢ : H — R U {+o0} is proper convex lower semicontinuous, and F' := 9v¢ is maximal
monotone, with F(u) = 3(u) a.e. for all u € H such that j(u) € L'(D). Then one has, recalling
that (I +A\B)~! is a contraction on R,

o((I+AF)" ) :/D\V(I+A5)—1u\2daz

< / |Vu|2 dx = p(u),
D

so that (2.3.2) is satisfied, and —A + 8 is maximal monotone. If one replaces —A with a general
positive self-adjoint operator A on H, it is not clear how to adapt such reasoning. However,
if we assume that A is the generator of a symmetric Dirichlet form & on H, then (2.3.2) is
satisfied, with C' = 0 and ¢ = &. This follows from the fact that (I + A3)~! is a normal
contraction on R and that, for any normal contraction T on R, v € D(&) implies Tu € D(&)
and &(Tu, Tu) < &(u,u), a proof of which can be found, e.g., in [57, Theorem 4.12, p. 36].

On the other hand, if A is maximal monotone but not self-adjoint, we cannot express it
as the subdifferential of a convex function on H. Hence we are led to “dualize” the previous

argument, i.e. we can try to show that
V(I +AA) " u) < p(u) + CA YA >0, Yu € D(p).

Knowing only that the resolvent is a contraction does not seem enough to proceed. How-
ever, if we assume that the resolvent is sub-Markovian, we can apply Jensen’s inequality (see
Lemma 1.3.15 below), so that

(I +AA) ) < (I+AA) (),

hence, integrating,

V(L +AA) ) = /

(I +XA) " ) dx < / (I +XA)" 5 (u) da.
D

D

Assuming also that the resolvent is contracting in L', we obtain ¢ ((I +XA)'u) < 4 (u), hence
that A+ B is maximal monotone in H. Recall that A is contracting in L' if it is the generator
of a (nonsymmetric) Dirichlet form. It results from this discussion that our conditions (ii) and
(iii) on A are not restrictive and are probably close to optimal, while the ultracontractivity
condition (iv) is completely superfluous in the deterministic setting. Moreover, while condition
(") is always satisfied if A is self-adjoint, it is equally superfluous in the deterministic case if A

is non-symmetric.

Let us now comment on the Lipschitz continuity assumption on B. It is natural to ask
whether a well-posedness result analogous to Theorem 2.2.2 holds under the weaker assumption
that B is progressively measurable, linearly growing, and just locally Lipschitz continuous, i.e.

assuming that there exists a sequence (L'}),, of positive real numbers such that

HB(W7t>$) - B(wvuy)ng(U,H) < Lgllr - yHH
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for every (w,t) € Q x [0,7] and z,y € H with ||z| 4, |yl < n, for every n € N. In this case,

introducing the globally Lipschitz continuous truncated operators
B, :Qx[0,T] x H— £*U,H), B, (w,t,x) := B(w,t,nPx),

for all n € N, where P : H — H is the projection on the closed unit ball in H, the stochastic

evolution equation
dX, + AX, dt + B(X,)dt > B,(t, X,,) dW, Xn(0) = Xo,

is well-posed in _¢# for all n € N. One would now expect to be able to construct a global solution
by suitably “gluing” the solutions (X,,,&,). In fact, this technique has been successfully applied
in several situations (cf., e.g., [25,47,80]): the key argument is to introduce the sequence of

stopping times (7,,), defined as
o i=inf{t € [0,T]: | Xn(t)|| = n} AT,
and to show that, for any m > n, one has X,,, = X,, on
[0,7.] :== {(w, ) € 2% [0,T]: 0 <t < 7 (w)}-

For this construction to work, it seems essential to assume that X,, has continuous trajectories
for all n € N (as is the case in op. cit.). However, in our case, we only know that the trajectories
of X,, are weakly continuous in H, hence the above construction does not seem to work. On the
other hand, we conjecture that strong solutions in _# to (2.1.1) are indeed pathwise continuous
under suitable polynomial boundedness assumption on 3, and that, in this case, equations with
locally Lipschitz diffusion coeflicient can be shown to be well-posed. This will be treated in the
forthcoming Chapter 3. We conclude remarking that such a well-posedness result for semilinear
equations with polynomially growing drift does not follow from the classical variational approach
(see, e.g., [56, Example 5.1.8]).

2.4 Well-posedness for a regularized equation

Let V be a separable Hilbert space such that Vj is a dense subset of V, Vj — V', and V) —
L>(D). The goal of this section is to establish existence and uniqueness of solutions to the

stochastic evolution equation
dX(t) + AX(t)dt + B(X(t))dt > B(t) dW (t), X(0) = Xo, (2.4.3)

where B is an .22 (U, Vj)-valued process. In particular, this stochastic equation can be inter-

preted as a version of (2.1.1) with additive and more regular noise.

Proposition 2.4.1. Assume that X € L?(Q, %y, P; H) and that
B e L*(Q; L*(0,T;.2°(U, V0)))

is measurable and adapted. Then equation (2.4.3) admits a unique strong solution (X,§) such
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that

X € L2(Q; L>(0,T; H)) N L*(; L2(0,T; V),
J(X) +5%(€) € L*((0,T) x D) P-almost surely.

Moreover, X (w,-) € C,([0,T]; H) for P-almost all w € Q.

The rest of this section is devoted to the proof of Proposition 2.4.1, which is structured as a
follows: we consider a regularized version of (2.4.3), where the nonlinear term g is replaced by
its Yosida approximation, and obtain suitable a priori estimates, both pathwise and in expec-
tation. Taking limits in appropriate topologies of the solutions to these regularized equations,

we construct solutions to (2.4.3), that are finally shown to be unique.

Let

By = %(1_ T+A8)7Y),  A>0,

be the Yosida approximation of £, and consider the regularized equation
dX)(t) + AX\(t) dt + BA (X (2)) dt = B(t) dW (), Xx(0) = Xo. (2.4.4)

Since (3 is monotone and Lipschitz continuous, it is easy to check that the operator A + Sy
satisfies, for any A > 0, the classical conditions of Pardoux, Krylov and Rozovskir [46,72]. For

completeness, a proof is given next.

Lemma 2.4.2. Let A > 0. The operator Ay := A+ B\ : V. — V* satisfies the following

conditions:

(i) Ax is hemicontinuous, i.e. the map R 3 n— (Ax(u + nv),x) is continuous for all u, v,
reV;

(ii) Ay is monotone, i.e. (Ayu— Ayv,u—v) >0 for allu, veV;

(i) Ax is coercive, i.e. there exists a constant C; > 0 such that (Ayv,v) > C’1Hv||‘2/ for all
veV;

(iv) Ax is bounded, i.e. there exists a constant Cy > 0 such that ||A\v]
veV.

ve < Callv|ly, for all

Proof. (i) For any u,v,x € V, one has

(A + ), 2) = (Au, z) + 7{Av, ) + /D B+ ).

It clearly suffices to check that the last term depends continuously on 7, which follows imme-

diately by the Lipschitz continuity of Sy. (ii) Since both A and S, are monotone, one has
(Axu — Ayv,u —v) = (Au — Av,u — v) + /D(B,\(u) — Ba(v)(u—v) > 0.
(iii) Similarly, since 0 € 5(0) implies 85 (0) = 0, coercivity of A and monotonicity of 8y imply
(Axv,v) = (Av,v) —l—/Dﬁ)\(v)v > (Av,v) > Clv])}

(in particular, C; can be chosen equal to C, the coercivity constant of A itself). (iv) Using again

the fact that $,(0) = 0, and recalling that ) is Lipschitz continuous with Lipschitz constant
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bounded by 1/, one has

1
(Aso0) = (v + [ B < Aol el + 5ol
< (1l gy +£/N) ol

where k is the norm of the continuous embedding ¢ : V — H. O

Hence (2.4.4) admits a unique variational solution, that is, there exists a unique adapted
process
Xy € L*(;C([0,T); H)) N L*(; L*(0,T; V))

such that, in V*,
XA (1) +/() AXy(s)ds —l—/o Ba(Xa(s))ds = Xo + /o B(s) dW (s) (2.4.5)

for all t € [0, 7.
In the next lemmata we establish a priori estimates for X, and 8,(X,). We begin with a

pathwise estimate.

Lemma 2.4.3. There exists Q' C Q with P(Q') =1 and M : Q' — R such that
2 .

||X/\(w)||C([0,T];H)OL2(O,T;V) + H])‘(X)‘(w))HLl(O,T;Ll(D)) < M(w)
for all w € .
Proof. Setting Yy := X, — B - W, Ito’s formula¥ yields

2 K k 2
| + 2/ (AX(s), Ya(s)) ds + 2/ (Br(X), Ya(s)) ds = | X%,
0 0
where || X[y < [[Yallg + [|B - Wl by the triangle inequality, hence
2 1 2 2
IO 2 1X O — 1B - WE)ly-
Moreover, writing (AXy,Yy) = (AX\, X)) — (AX,, B- W), one has
(AX5, Xn) 2 CIXG

by the coercivity of A, and

(AX),B-W)

IN

Al 2wy XAl 1B - Wiy

IN

1 2 1 2
-C|| X —||B-W
9 | >\HV+25|| ||Va
where we have used the elementary inequality ab < i(ea® + b?/e) for all a,b € R, with & :=
-2
CllAll (v,v+)- Then
1 , 1 )
(AX5, o) 2 SCIXAY = o I1B- Wy,

so that . . .
1
2 [(axa@ 1) s> ¢ [ ds— 1 [ 15wk ds
0 0 0

IWhenever we refer to Itd’s formula, we shall always mean the version in [46].
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and

1 2 ! 2 t
§||X>\(t)||H+C/O ||X>\(S)||Vd8+2/ (BA(X(5)), Ya(s)) ds (2.46)

< |1 Xol% + 1B - W) + /IIB W (s)|2 ds.

Let j) be the Moreau-Yosida regularization of j, that is

o jz —y|®
)= inf (i) + 7). A0

We recall that jy is a convex, proper differentiable function, with j3 = S, that converges

pointwise to j from below. In particular,
Ba(z)(x —y) = ja(z) —ialy) = ja(z) —jly)  Va,y eR.

This implies

/<,8,\(X,\(s)),Y,\(s)>ds:// By(Xx(5,2))(Xa(5,2) — B - W(s, ) da ds
0 0JD

-/ /D (o)) dads = [ /D J(B - W(s,2)) dods,

hence also

IO+ [ 1@l as+2 [ [ i) deds

<Xl + 1B W + /nB W(s)|? ds

+2/0t/Dj(B W (s, ) da ds.

Taking the supremum with respect to ¢ yields

||X>\HQC([0,T];H) + ||X/\H2L2(O7T;V) + ||j>‘(X>\)||L1(O,T;L1(D))
2 2 2 .
< HXOHH + HB ’ WHC([O,T];H) + HB ) W“L?(O,T;V) + HJ(B ’ W)HLl(O,T;Ll(D))’

where the implicit constant depends only on the operator norm of A. It follows by It6’s isometry

and Doob’s inequality that

HB W||L2(Q C([0,T);Vo)) ~ HB”L2 Q;L2(0,T5.22(U,Vp)))?

where the right-hand side is finite by assumption, hence, recalling that Vj is continuously
embedded in V,

HB ’ WHC([O,T];H) + HB ) W”L?(o,T;V) St HB ’ WHC([O,T];VO)'

Analogously, denoting the norm of the continuous embedding ¢ : Vo — L*°(D) by k, one has,

recalling that j is symmetric and increasing on R,

|i(B-W(t ||L1(D) Sip i(lIB- W(t)HLOC(D)) <j(k|B- W(t)”VO)’
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for all ¢ € [0, 7], hence

13(B- W)HLl(O,T;Ll(D)) Siplr (k]I B- W||C([07T]:Vo))'

We conclude choosing ' C Q such that || Xo(w)||,; and ||B - W(w)lle(jo,r1;v4) are finite for all
w € Q, and defining M : Q' — R as

M= HXOHZ + HB ’ WHZC([O,T];H) + HB ’ WH2L2(0,T;V) + Hj(B ’ W)HLl(U,T;Ll(D)) ) &

Remark 2.4.4. The above estimates can be obtained by purely deterministic arguments, with-

out invoking Ito’s formula. In fact, note that equation (2.4.5) can equivalently be written as

Ya(t) + /Ot (AX(s) + Br(Xa(s))) ds = 0.

One has Yy € L%(0,T;V), which follows at once by the properties of Xy and by B-W €
L2(Q;C([0,T]; Vp)). Similarly, since AX, and 3(X,) belong to L?(£2; L?(0,T;V*)), one also
has, by the previous identity, Y{ € L2(0,T;V*). In particular, there exists Q' C Q, with
P(Q) = 1, such that

Yy\(w) € L*(0,T; V), Y{(w) € L*(0,T;V*)  Ywe .

Lemma 1.4.2 then yields

t

%HYA@)HZJF/O <AXA(5)7YA(S)>dS+/O (BA(X2), YA(s)) ds = %HXOH;

Lemma 2.4.5. There exists a constant N > 0 such that

2 2

HX)‘HL2(Q;C([O,T];H)) + HX)‘HL2(Q;L2(O,T;V) + ||6>‘(X)‘)X)‘||L1(Q;L1(0,T;L1(D)))
2 2

< N (11Xl a0y * 1B1 3 @2 02200 )

Proof. 1t6’s formula yields

1% @)% +2 / (AX(s), Xn(s)) ds +2 / (Br(X2(5)), Xa(s)) ds
0 0
9 ¢ I 2
= HXOHH—i—2/0 X (s)B(s) dW(s>+§/0 HB(S)H"?Z(MH) ds,

where X in the stochastic integral on the right-hand side has to be interpreted as taking
values in H* ~ H. The coercivity of A and the monotonicity of 5 readily imply, after taking

supremum in time and expectation,

T
X oy + 2N fao i + B (135, Xa (o)) ds

SE|Xolly, + B[] +E sup

(0,7;22%(U,H)) te(0,7]

/0 Xa(s)B(s) dW(s)],

where, by Lemma 1.5.1,

E sup

T
< cE|| X2 N E/ B(s)|? d
+E[0,T] < E| >\|‘C([O,T];H)+ () ) H (8)||$2(U’H) S

/0 X (s)B(s) dW (s)
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for any € > 0, whence the result follows choosing € small enough. O

We now establish weak compactness properties for the sequence (8x(X))).

Lemma 2.4.6. The sequence (8x(X))) is relatively weakly compact in L*(Q x (0,T) x D).
Moreover, there exists a set Q' C Q, with P(Q"”) = 1, such that (Bx(Xx(w,*)) is weakly relatively
compact in L'((0,T) x D) for all w € Q.

Proof. Recalling that, for any y, r € R, j(y) + j*(r) = ry if and only if r € 9j(y) = B(y), one

has
j((I+ /\6)*133) +j*(6)\(£ﬂ)) = Bx(z)(I + /\ﬂ)flx < Ba(z)x Vr € R. (2.4.7)

In fact, since By € Bo (I + A\3)~ 1, it follows from 3 = 95 that B\(z) € 8]'(([ + )\ﬂ)_lm).
Moreover, 3((I+AB3)~'z)(I+AB)~*z > 0 by monotonicity of 3, hence the inequality in (2.4.7)
follows since (I + AB)~! is a contraction. The previous lemma thus implies, thanks to the

symmetry of j*, that there exists a constant NV, independent of A, such that, setting

2 2
N(Xo, B) := N(||X0HL2(Q;H) + ‘|B||L2(Q;L2(0,T;.Z2(U,H)))>’

one has
]E/OT/DJ*(W,\(X/\)D < E/OT/D Br(X\)Xx < N(Xo, B).

Since j* is superlinear at infinity, the sequence (5 (X))) is uniformly integrable on Qx (0,7) x D
by the de la Vallée-Poussin criterion, hence weakly relatively compact in L*(2 x (0,T) x D) by

a well-known theorem of Dunford and Pettis. The first assertion is thus proved.

By (2.4.6), since Yy = X\ — B - W, it follows that
‘ 2 2 ¢ 2
/O (BA(Xa(s)), Xa(5)) ds S [ Xolly + 1B - W () +/0 B - W(s)ly ds
t
+ [(Brxae). B W) ds,
0
where, by Young’s inequality and convexity (recalling that j*(0) = 0),

/0t<5A(X,\(8))7B.W(S)>d8< ;/Ot/Dj*(ﬁ/\(XA))+/0t/Dj(QB.W).

Rearranging terms and proceeding as in the (end of the) proof of Lemma 2.4.3, we infer that
there exists a set Q7 C Q, with P(Q”) = 1, and a function M : ” — R such that

/0 <6)\(X,\(w,s)),X>\(w,s)> ds < M(w) Yw e Q. (2.4.8)

The symmetry of j* and (2.4.7) yield that, for any w € Q”, (Bx(Xa(w,-))) is weakly relatively
compact in L'((0,7) x D). O
In order to pass to the limit as A — 0, we are going to use Simon’s compactness criterion,

i.e. Lemma 1.4.3, and Brézis’ Lemma 1.3.14.

Proposition 2.4.7. There exists Q' C Q, with P(Q') = 1, such that, for any w € ', there
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exists a subsequence N = X(w) of A such that, as X' — 0,

Xy (w,) — X(w,") in L0, T; H),
Xy (w, ) — X(w,-) in L2(0,T;V),
Xy (w,) — X(w,") in L2(0,T; H),
Ba (X (w,+)) — §(w,) in L*((0,T) x D).

Proof. The first two convergence statements follow by Lemma 2.4.3, and the fourth one follows
by Lemma 2.4.6. Let us show that the third convergence statement holds. In the following
we omit the indication of w, as no confusion can arise. Setting Y\ = X\ — B - W, (2.4.5) can

equivalently be written as the deterministic equation (with random coefficients) on V*
VY 4 AX)\ + Br(Xn) =0,
where

1A% 22 0 7y S IAXA 2

0,T;Vy 0,T;V*) S HX)‘HLl(()A,T;V)’

||ﬁ/\(X>‘)||L1(O,T;VD*) S ||/8>\(X)\)||L1(O,T;V*) S H/B/\(XA)HLl(o,T;Ll(D))’

hence, again by Lemmata 2.4.3 and 2.4.6, ||Y} ||L1(0,T;V0*) is bounded uniformly over A. Moreover,
since B-W € L?(Q;C([0,7T]; Vo)) and
¥

X +[1B- Wl

||L2(O,T;V) =< | HL2(O,T;V) (0,T;V)?

we conclude that (Yy) is bounded in L%(0,T;V). Simon’s compactness criterion then implies
that Yy, hence also X, is relatively compact in L?(0,T; H). Since Xy — X in L2(0,T;V), it
follows that

Xyv(w,) — X(w,-)  in L*(0,T; H),

thus completing the proof. O

We are now going to show that the couple (X, &) just constructed is indeed the unique

solution to the equation with “smoothed” noise (2.4.3).

Proof of Proposition 2.4.1. In spite of the above preparations, the argument is quite long, so

we subdivide it into several steps.

STEP 1. In the notation of Proposition 2.4.7, let w € Q' be arbitrary but fixed. Note that
Xy — X in L%(0,T; H) implies that, passing to a further subsequence of )\, denoted with the
same symbol for simplicity, Xy (t) — X (¢) in H for almost all ¢ € [0, T]. Moreover, Xy, — X
in L2(0,T;V) implies that

¢ ¢
/ AX(s)ds — / AX(s)ds in V*
0 0

for all ¢ € [0,7]. In fact, taking ¢g € V and ¢ := s > 1o 4(s)¢o € L?(0,¢; V), one obviously
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has A*¢ € L?(0,t; V*) and

t T T
/ (AX(s), do) ds = / (AX(s), 6(s)) ds = / (Xn(s), A*6(s)) ds

0 0 0
— / (X(s), A*6(s)) ds = / (AX(s), o) ds.

Similarly, By (X)) — & in LY((0,T) x D) implies

/ﬂ)\/(XN(s))dSA/ &(s)ds  in LY(D)
0 0

for all t € [0,T]. In particular, passing to the limit as A’ — 0 in the regularized equation (2.4.5)
yields

X(t)—|—/0tAX(s)ds—|—/0t§(s)ds:X0+B-W(t) in V' for a.a. t € [0,T].

Since AX € L2(0,T;V*) < LY0,T;Vy) and ¢ € LY(0,T; LY (D)) < L'(0,T;Vy), recalling
that B-W € C([0,T); Vo), we infer that X € C([0,T]; V), hence the previous identity is true
for all ¢ € [0,T]. Moreover, it follows from X € L*°(0,T; H) that X € C,([0,T); H), thanks
Lemma 1.4.1. Note also that all terms expect the second one on the left-hand side take values
in L'(D), and all terms except the third one on the left-hand side take values in V*, hence the
above identity holds true also in L*(D) N V*.

Let us now show that ¢ € 8(X) a.e. in (0,T) x D: Xyx» — X in L?(0,T; H) implies that,
passing to a subsequence of X, still denoted by the same symbol, X, — X a.e. in (0,7) x D,
hence also (I + NB8)71 Xy — X a.e. in (0,7) x D. Since By (Xy) € B((I + NB)"1Xy) ae.
in (0,7) x D and By (Xx)(I + NB)"1 X, is bounded in L'((0,T) x D) by (2.4.8), Brézis’
Lemma 1.3.14 implies the claim. These relations and the weak convergence By (X)) — £ in

L'((0,T) x D) also imply, by the weak lower semicontinuity of convex integrals, that

T T
/ / (J(X) +57(6)) < liminf / / G+ NA) " X0) + 5 (B (Xa))
0 D 0 D

AN —0

T
= hmlnf/ / ﬂ,\/(X)\/)(I-i-)\/A)_lX)\/ <N,
AM=0 Jo Jp

where N is a constant that depends on w.

STEP 2. Still keeping w fixed as in the previous step, we are going to show that the limits X
and ¢ constructed above are unique. Suppose there exist (X;, &;), & € 8(X;) a.e. in (0,T) x D,
i = 1,2, such that
t t
X (t) +/ AX;(s)ds +/ &i(s)ds=Xo+ B-W(t)
0 0
in LY(D)NV* for all t € [0,T]. Setting X = X7 — X5 and £ = & — &, it is enough to show that

X(t)+/0 AX(s)ds+/0 £(s)ds = 0 (2.4.9)

in L1(D)NV* for all t € [0,T] implies X = 0 and ¢ = 0. By the hypotheses on A, there exists
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m € N such that (I +3A)~™ maps L'(D) in L>°(D). Therefore, setting
X0 :=(I+0A)™""X, & :=(I+64)"™¢,
one has . .
X(t) +/ AXO(s)ds +/ €(s)ds =0
0 0

for all ¢ € [0, T], for which It6’s formula and monotonicity of A yield

1 t
§||X5(t)||;+/0/[)§5(s,x)X5(s,x)dxds§0.

We can now take the limit as § — 0. Since (I + 0A)~™ converges, in the strong operator
topology, to the identity in Z(H), one has || X°(t)||; — || X(t)||; for all t € [0,7]. Passing
to a subsequence of ¢, still denoted by the same symbol, we also have X° — X and & — ¢
a.e. in (0,7) x D, hence X°¢% — X¢ a.e. in (0,7) x D. Let us show that (X°¢%) is uniformly
integrable: by the symmetry of j and j*, and the abstract Jensen inequality of Lemma 1.3.15,

we have

[ Xs&s| < j(Xs) +57(&) < (I+04)7™(§(X) +5(6)),

where the term on the right-hand side converges to j(X) + j*(¢) in L'((0,T) x D) as § — 0,
hence (X°¢%) is indeed uniformly integrable on (0,7) x D. It follows by Vitali’s convergence

theorem that, for any ¢ € [0, 7],
¢ ¢
= ),
0JD 0JD

1 t
5”X(t)”§{+/O/DX(S,m)§(S,m)dxds§O.

hence also

The monotonicity of 8 immediately implies that X(¢) = 0 for all ¢ € [0,7]. Substituing in
(2.4.9), we are left with fotg(s) ds = 0 in LY(D) for all t € [0,7], so that also £ = 0, and

uniqueness is proved.

STEP 3. The solution (X, £) does not have, a priori, any measurability in w, because of the way
it has been constructed. We are going to show that in fact X and £ are predictable processes.
The reasoning for X is simple: with w fixed, we have proved that from any subsequence of
A one can extract a further subsequence ), depending on w, such that the convergences of
Proposition 2.4.7 take place, and the limit (X,£) is unique. This implies, by a well-known
criterion of classical analysis, that the same convergences hold along the original sequence A,
which does not depend on w. The convergence of X (w, ) to X (w,-) in L?(0,T; H) implies that
X :Q — L*0,T; H) is measurable and X (w,t) converges to X (w,t) in H in P ® dt-measure,
hence X5 (w,t) = X(w,t) in H P® dt-a.e. along a subsequence \ of A. Since X} is predictable,
being adapted with continuous trajectories in H, we infer that X is predictable. Unfortunately
a similar reasoning does not work for £, because &) (w) := (X (w)) converges only weakly in
L'((0,T) x D) for P-a.a. w € Q.I' We shall prove instead that a subsequence of £y := 85 (X))
converges weakly to & in L1(Q x (0,7) x D). In fact, let g € L>((0,T) x D) be arbitrary but

IOne may indeed deduce, using Mazur’s lemma, that there exists, for each w in a set of probability one, a
sequence (&,,(.)(w))u(w) in the convex envelope of (§x(w))x that converges to {(w). However, the map w

fu(m(w) needs not be measurable, hence we cannot infer measurability of its limit &.
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fixed. Then, setting

)= | T/D v s.)glsa)dods,  F)= | T/D £(w,5,2)g(s, ) do ds,

we have F\ — F in probability, and we claim that F)\ — F weakly in L'(Q2). Let h € L>(Q)

be arbitrary but fixed, and introduce the even convex function

1

Jo=73"(/M), M= :
’ (gl e 0,myx 2y V' 1) (1Pl o ) V' 1)

Then, by Jensen’s inequality,

E jo(Fxh) = E]o(/ / Ea(w, s,2)g(s x)h(w)dmds)
<r.,D| ]E/ / jo(&x(w, s,x)g(s, z)h(w)) dz ds

gE//j*(@\(ms,x))dxds,
0o Jp

where the last term is bounded by a constant independent of A, as proved in Lemma 2.4.6.
Since jg inherits the superlinearity at infinity of j*, the criterion of de la Vallée Poussin implies
that F)h is uniformly integrable, hence, since F\h — Fh in probability, that F\h — Fh
strongly in L'() by Vitali’s theorem. As h was arbitrary, this implies that F)\ — F weakly
in L}(Q), thus also that &, — & weakly in L'(2 x (0,7) x D) by arbitrariness of g. By the
canonical identification of L'(Q x (0,T) x D) with L'(Q x (0,7); L*(D)) and Mazur’s lemma
(see, e.g., [20, 7), p. 360]), there exists a sequence ((,)nen of convex combinations of (£,) that
converges strongly to ¢ in L'(D) in P ® dt-measure, hence P ® dt-a.e. passing to a subsequence
of m. Since &, hence (,, are predictable for all A and n, respectively, it follows that £ is a
predictable L!(D)-valued process and ¢ : Q — L'((0,T) x D)) is measurable. Moreover, since
Xy(w,-) = X(w,-) in L?(0,T; H) for P-a.a. w and (X)), is bounded in L%(Q; L?(0,T;V)), it
follows that X, — X in L?(Q; L2(0,T;V)). Therefore, an entirely analogous argument based
on Mazur’s lemma yields that X : Q — L?(0,7;V) is measurable.

STEP 4. As last step, we are going to show that X and & satisfy also estimates in expectation.
In particular, the weak and weak* lower semicontinuity of the norm ensures that, for P-almost
all w € Q,

X (w, ’)HL2(0,T;V) < limianX)\(w, ')HL'Z(O,T;V)’
HX(W’ ')HL“’(O,T;H) < hg\n_i(l)lf”X)\ HL°° (0,T;H)’
1€, ) gy < timinf[|BA(Xn(w, D] 1 )

Taking expectations and recalling Lemmata 2.4.5 and 2.4.6, it follows by Fatou’s lemma that,

for a constant IV,

IEHXH2L2(0,T;V) S EhmianX/\Hiz o.rv) S hmmeHX/\HLZ o) <N,

IEHXH;)o <I[-?lhmlanX>\HLoo <hm1nfE||XA < N,

(0,T;H) (0,T;H) ||L°°(07T;H)

EH£HL1(O,T;L1(D)) < Ehf\n_}ngg)\HLl(o,T;Ll(D)) < hg\n_ingquHLl(O,T;Ll(D)) <N,
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ie.
X € LX(Q; L=(0,T; H)) N L*(; L*(0,T; V),
€€ L' (Qx (0,T) x D).
The proof is thus complete. O

We conclude this section with a corollary that will be used in the following.

Corollary 2.4.8. There exists a constant N such that

T
B[] 600+70) < N (10l 0 + 1B e o0irnanan )

Proof. Thanks to Step 3 in the previous proof, there exists a sequence A, independent of w,
such that Xy — X a.e. in (0,7T) x D and Sx(X,) — € weakly in L'((0,T) x D). Proceeding as
in the first part of the proof of Lemma 2.4.6, Lemma 2.4.5 implies that there exists a constant
N such that

E/O /jj(j(l+>\5)_1XA)+j*(ﬁ>\(X>\)))dxds < N(Xo, B),

where N (X, B) := N(||X0H22(Q;H) + ||BHiZ(Q;Lz(O’T;gQ(U’H)))). Therefore, in analogy to Step

4 of the previous proof, two applications of Fatou’s lemma yield

E/OT/Dj(X) <li£nj61fE/oT/jjj((I+A5)_1XA) < N(Xo, B),

as well as, by the weak lower semicontinuity of convex integrals and Fatou’s lemma again,

5[ [ @ <imps [ [ #6000 < 800.5). =

2.5 Well-posedness with additive noise
In this section we prove well-posedness for the equation
dX(t) + AX(t)dt + B(X(t))dt > B(t) dW (t), X (0) = Xo, (2.5.10)

where B is an #?(U, H)-valued process. Note that this is just equation (2.1.1) with additive

noise.
Proposition 2.5.1. Assume that X, € L?(Q,.%y,P; H) and that
B e L*(; L*(0,T; £*(U, H)))

is measurable and adapted. Then equation (2.5.10) is well posed in ¢ . Moreover, X(w,-) €
Cw([0,T); H) for P-almost all w € .

Proof. We shall proceed in several steps: first we approximate the coefficient B in such a way
that the corresponding equation can be uniquely solved by the methods of the previous section.
Then we pass to the limit in an appropriate way, obtaining a solution to (2.5.10), which is then

shown to be unique.
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STEP 1. By Assumption A(iv), there exists m € N such that (I + A)~™ maps continuously L!
to L*>. The space Vj := D(A™), endowed with inner product

(u,v>V0 = (u,v) g + (A"u, A™v) 4, u,v € D(A™),
is a Hilbert space densely and continuously embedded in V. Moreover, the diagram

(I+A)™

DA™y AT, pypy DT

L>(D)

immediately shows that Vj is also continuously embedded in L*° (D). In particular, all hypothe-
ses on Vj of the previous section are met. Moreover, by the ideal property of Hilbert-Schmidt

operators, setting, for any € > 0,
B :=(I+¢A)"™B,

we have B® € L?(Q; L?(0,T;.£%(U,Vy))). Then it follows by Proposition 2.4.1 that, for any

€ > 0, there exist predictable processes

X¢ € LA L>(0,T; H)) N L*(Q; L*(0,T;V)),
£ e LY Q% (0,T) x D),

with X¢(w,+) € Cy([0,T]; H) for P-almost all w € €, such that

Xf(t)+/0 AXE(s)ds—&—/O gf(s)ds:xo+/0 BE(s) dW (s) (2.5.11)

in V* N LY(D) for all ¢t € [0,T]. Moreover, £¢ € 3(X¢) a.e. in (0,7) x D and j(X¢) + j*(£°) €
L'((0,T) x D) P-almost surely.

STEP 2. For any € > 0, the equation in V*

X;(t)+/0 AXE(s) ds+/06,\(Xf\(s))ds:X0+/0 BE(s) dW (s)

admits a unique (variational) strong solution X§. Taking into account the coercivity of A and

the monotonicity of Sy, Itd’s formula yields, for any § > 0,

t
2 2
650 = X305 + [ 15 60) = X305 s
t t
2
< /O (X5(s) — X3(8)) (B%(s) — B°(s)) dW (s) + /O | B (s) — B‘S(s)Hw(Uﬂ) ds.
Taking supremum in time and expectation, it easily follows from Lemma 1.5.1 that

HXi - X;\SHL2(Q;L°°(O,T;H)) + HXS:\ - XﬁHLZ‘(Q;LZ‘(O,T;V))

S HB6 o 35HL2(Q;L2(O,T;$2(U,H)))'

On the other hand, the proof of Proposition 2.4.1 shows that there exists a sequence A, inde-
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pendent of &, such that, for P-almost all w € €,

X{(w, ) — X¢(w,") in L>(0,7T; H),
X5(w, ) — X¢(w,) in L2(0,T; V),
(XX (w, ")) — & (w, ) in L'((0,T) x D)

as A — 0. Since the weak* limit in L>(0,T; H) as A — 0 of X§ — X is X° — X?, the weak*
lower semicontinuity of the norm implies
| X - < lim inf|| X5 —
A—0

X(SHLOO(O,T;H) X;\;HLOO(O,T;H)’

thus also, by Fatou’s lemma,

e 2 . . 5 2
E[|X* - X6||L°°(07T;H) = ]Ehgn_iglfHX’\ B Xﬁs\HL‘”(O,T;H)

2

S EHBE - B(;HLQ(O,T;ZQ(U,H))'

An entirely similar argument yields

c 2 € 2
E[|X *XKEHL?(O,T;V)sEHB 7B§||L2(0,T%$2(U7H))’

so that

| x° - XJHL2(Q;L°°(O,T;H)) +|x° - X(;HU(Q;L?(O’T%V))

S HBE o 35HL?(Q;L?(O,T;f?(U,H)))'

Taking into account that HB8 — BHL2(Q;L2(01T;$2(U’H))) — 0 as ¢ — 0, it follows that (X°¢) is
a Cauchy sequence in E := L?(; L>°(0,T; H)) N L?(; L?(0,T;V)), hence there exists X € F
such that X converges (strongly) to X in E as € — 0. In particular, the limit process X is
predictable. Moreover, by Corollary 2.4.8, there exists a constant IV such that

T
B[] G000+ 5@ drds < N (105 )+ 15 e o020

2 2
< N(HXOHLz(Q;H) + |’BHL2(Q;L2(O,T;.,‘Z2(U,H))))’

(2.5.12)

as it follows by the ideal property of Hilbert-Schmidt operators and the contractivity of (I +
g¢A)~!. The criterion by de la Vallée Poussin then implies that (£%) is uniformly integrable
on 2 x (0,T) x D, hence, by the Dunford-Pettis theorem, (£%) is weakly relatively compact in
LY(Q x (0,T) x D). Therefore, passing to a subsequence of ¢, denoted by the same symbol,
there exists £ belonging to the latter space such that £ — & therein in the weak topology. In
particular, by an argument based on Mazur’s lemma, entirely analogous to that used in Step 3

of the proof of Proposition 2.4.1, one infers that £ is a predictable process.

STEP 3. We can now pass to the limit as ¢ — 0 in Equation (2.5.11), by a reasoning analogous
to the one use in Step 1 of the proof of Proposition 2.4.1. As proved in the previous step, X¢
converges strongly to X in L?(Q; L>°(0,T; H)), hence

esssupHXE(t) - X(t)HH =0
te[0,7]
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in probability as e — 0. Let ¢g € Vj be arbitrary. Since Vy < L>°(D), one has

(X2(1),d0) = (X (1), bo)

in probability for almost all ¢ € [0,T]. Let us set, for an arbitrary but fixed t € [0,7T], ¢ :
s = ly(s)¢o € L*(0,T;V), so that Ap € L*(0,T;V*). Recalling that X¢ — X (strongly,
hence also weakly) in L2(; L2(0,T;V)), it follows immediately that X — X in L?(0,7;V) in

measure, hence
t T T
| axconas = [ (axcs).o0 >>ds=/0 (X°(s), Ag(5)) ds

o [, a0 a5 = [ x990

in probability as e — 0. A completely analogous reasoning shows that

/ (6°(s), do) ds — / (£(s), do) ds
0 0

in probability as € — 0. Doob’s maximal inequality and the convergence

e—0

| B — ——=0

B||L2(Q;L2(0,T;$2(U,H)))

readily yield also that B®- W (t) — B-W (t) in H in probability for all ¢t € [0,T]. In particular,
since ¢ € V and t € [0, T are arbitrary, we infer that

+/OtAX(s)ds+/Ot£(8)ds=Xo+/0tB(8)dW(S)

holds in V;* for almost all t. Recalling that & € L(0,T; LY(D)) < L*(0,T;V{'), so that all terms
except the first on the left-hand side have trajectories in the space C([0,T]; Vy"), we conclude
that the identity holds for all ¢ € [0,7]. Moreover, thanks to Lemma 1.4.1, X € C([0,T]; V}")
and X € L*°(0,T; H) imply that X € C([0,T]; H). Note also that all terms bar the second
[third] one on the left-hand side are L!(D)-valued [V*-valued|, hence the identity holds in
LY(D)NV* for all t € [0,7].

STEP 4. Convergence of X¢ — X in L?(Q2; L°°(0,T; H)) implies convergence in measure in
Q x (0,T) x D, hence, by Fatou’s lemma, (2.5.12) yields

// ) < N(Xo, B),

where N (X, B) is the constant appearing in the last term of (2.5.12). Similarly, since &5 — ¢
weakly in L1(Q x (0,7) x D), (2.5.12) and the weak lower semicontinuity of convex integrals

// ¢) < N(Xo, B).

To complete the proof of existence, we only need to show that £ € §(X) a.e. in Q x (0,T) x D.

yield

Note that, passing to a subsequence of ¢, still denoted by the same symbol, we have X¢ — X
a.e. in 2 x (0,7) x D. Recalling that £ € S(X¢) a.e. in Q@ x (0,T) x D, (2.5.12) again implies

E/OT/DX%E=E/OT/D(J'<XE)+J'*<$)) < N(Xo, B).
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It follows by monotonicity that X¢£° > 0, hence X¢° € LY(Q x (0,T) x D). Brézis’ Lemma
1.3.14 then yields € € B(X) a.e. in Q x (0,T) x D.

Uniqueness and continuous dependence of the solution on the initial datum is an immediate

consequence of the next result. O

We first need to introduce weighted (in time) versions of some spaces of processes. For
any p € [1,00] and « > 0, we shall denote by L2(0,T) the space L?(0,T) endowed with the
norm || f{ .z oy = [It = e’o‘tf(t)||Lp(07T). It is clear that L?(0,7T) and L?(0,T'), for different
values of «, are all isomorphic (their norms are equivalent). Completely similar notation will
be used for vector-valued LP and LP spaces. For typographical economy, restricted only to the

formulation of the following proposition, let us define the Banach space
F, = L*( L2(0,T; H)) N L*(Q; L2(0, T V),
endowed with the norm
Iz, o= -l L2 sz00 0,75 L2 (0312 0,75v)) T+ \/EH'HLZ(Q;Li(O,T;H))

Proposition 2.5.2. Let (X1,§1), (X2,&2) € _# be solutions to (2.5.10) with initial values Xo1,
Xo2 € L?(Q, Fo; H) and diffusion coefficients By, Bo € L?(Q; L*(0,T; £?(U, H))), respectively.
Then, for any a > 0,

1X1 = Xollp, S I1Xo1 — Xo2ll 2y + 1B1 = Ball 2012 (0,122 (0,11
In particular, there is a unique solution (X,§) € # to (2.5.10).
Proof. Setting
Y =X — X, Yy := Xo1 — Xoo, G := By — By,

one has

Y(t)—i—/o AY(s)ds—i—/O ((s)dsng—k/O G(s)dW (s)

in V*NLY(D), where ¢ := & — &, and &, & are defined in the obvious way. By the hypotheses
on A, there exists m € N such that, using the notation h? := (I + §A)~™h for any h for which

it makes sense,
AY®, ¢* e LY LY (0, T; H)),

while Y and G° have the same integrability properties of Y, Yy and G, respectively. In

particular, we have

§ ! 5 ‘ ) _ v ‘ 58 s
Y(t)—i—/o AY (s)ds—l—/OC(s)ds—YO—i—/O GO (s) dW (s)

in V*. Let a > 0 be arbitrary but fixed, and add a superscript a to any process that is
multiplied pointwise by the function ¢ — e~%*. The integration by parts formula yields

J,« ! @ 5,0¢8 S ! 6,045 g = S ‘ 6,as s
Y(t)+/O(A+I)Y()d+/OC()d YO+/OG()dW(),

to which we can apply It0’s formula for the square of the norm in H, obtaining, using the
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coercivity of A,
. ¢
o 20 [ o a2 [ v d
b2 [ (et ooty as

t
< i+ [ Yo @E @ av s+ [ 16 g b

We are now going to pass to the limit as § — 0: the first term on the left-hand side and on
the right-hand side clearly converge to ||Ya(t)||il and HYOHE, respectively. Since (I + §A)~!
converges to the identity in H as well as in V in the strong operator topology, the dominated

convergence theorem yields

t t
LIl s — [y as
t t
LGNy s — [ 166y

as 0 — 0 for all ¢ € [0,T]. Defining the real local martingales
M(;,a — (Y(S,QG(;,Q) . VV7 Moz e (YaGa) . W

in order to establish convergence in probability (uniformly on compact sets) of the sequence
M?%® to M as § — 0, it is sufficient to show that [M%® — M M%® — M*]p converges to zero
in probability. To this purpose, note that
S,a « d,c a1/2 S, 0, ¢ a o
(M M, M5 =M = [[y*egoe —yeG HLQ(O,T;L”?(UR))

< ||Y5’CYG§’CY - Ya’aGaHLZ(o,T;z?(U,R))

+ Y226 = VUG oo rgemy

where

Y2 (6) GO (t) — YO (1) G < |jyet

t)sz(U,R)) = Géa (t) - G*

Ml O 20

for all t € [0,7]. Since the right-hand side converges to 0 as § — 0 and it is bounded by
20 poe (0,760 |G (O 217,11y and G* € L?(0,T; £?(U, H)), the dominated convergence
theorem yields

Hyé,aG&,a _ Y(S,aGa -0

HL2(O,T;$2(U,R))

as § — 0. Similarly, ||Y5>O‘G“ —YeG®

analogous argument.

|}L2(O7T;$2(U7R)) tends to 0 as § — 0 by completely

We are now going to show that Y% — Yo(® in LY(Q x (0,T) x D), which clearly

implies that
/t/ Y(S,ac(s,a _ /t/ Yaccv
0JD 0JD

in probability for all ¢ € [0,7T]. Since Y>* — Y@ and ¢>* — (% in measure in Q x (0,7) x
D, Vitali’s theorem implies strong convergence in L' if the sequence (Y®*¢%%) is uniformly
integrable in Q x (0,7) x D. In turn, the latter is certainly true if (|Y‘5"IC5’@|) is dominated by

a sequence that converges strongly in L'. In order to prove this property, note that j and j*
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are increasing on R, hence

i|Y‘s"°‘(w,t,z)C‘;’a(w,t,x)’ < j(efat\Y‘;(w,t,x)|/2) +j*(efat|<5(w,t,x)|/2)

<G(IY°(w,t,2)1/2) + 5 (I¢° (w, t, 2)[/2),

so that, by the symmetry of j and j*, and by the Jensen inequality of Lemma 1.3.15,

[Yoeche| < j(Y0/2) +5*(¢°/2) < (I +64)"™(§(Y/2) +5*(¢/2)),

>~

where, by convexity and symmetry,

1

j(Y/2):]( X1+ 5 ( X2)) < 5((X1) +j(X2)) € L' x (0,T) x D),

and, completely analogously,

7(¢/2) £ 5 (57 (&) + 57 (&) € LY(Q x (0,T) x D),

NN

hence
[V oo S (I+64)"(5(X1) +5(X2) + 5% (&) + 57 (&)

Since the right-hand side of this expression converges strongly in L*(Q x (0,T) x D) as § — 0,

it is, a fortiori, uniformly integrable, and so is the left-hand side.

We have thus obtained
HY“(t)HiI—l—204/0tHY"‘(s)||st+2/Ot<5”‘(Y“(s),Y“(s)) ds
+2/t/ Y (s, 2)C (s, ) da ds
< ally + [ vea s ave + [ o

where, by monotonicity, Y*(® = e=2% (X1 — X3)(£&2 — &) > 0, hence, taking the L>°(0,T") norm

and expectation on both sides,

w.m 4

||YaHL2(Q;L°°(O,T;H)) + \/aHYaHLZ(Q;m(o,T;H)) + ||Ya||L2(Q;L2(O,T;V))

t
S ”YOHH(Q;H) + <E§E$/O Y*(s)G*(s) dW (s)

)1/2

+ HGaHL%Q;L%O,T;.’%’Q(U,H)))'

By Lemma 1.5.1, one has

1/2
(E 525 ) = E||Ya||L2<Q;L°°(0,T;H)>

5)||GO‘

/0 Y(s)G*(s) dW (s)

HLQ(Q;LQ(O,T;S"‘(U’H)))’
with € > 0 arbitrary. Choosing ¢ sufficiently small and rearranging terms, one obtains
X1 = Xall g, S I1Xo1 = Xozllp2o.m) + 11B1 = Ball 22 (0,122 (0, 1)))

as claimed.
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Choosing a = 0, Xg1 = Xgo, and B; = Bsy, one gets immediately X; = X5, hence also, by

substitution, .
[ @ -alnis=0  viep.,
0

which implies uniqueness of €. O

2.6 Proof of the main result

For every progressively measurable process Y € L?(Q; L%(0,T; H)) and initial datum X, €
L2(Q, %y, P; H), we consider the equation

AX(t) + AX (t)dt + B(X(8))dt > B(t, Y (£))dW(t),  X(0) = Xo. (2.6.13)

Since B(-,Y) is U-measurable, adapted, and belongs to L2(2; L?(0,T; £?(U, H))), the above

equation is well-posed in ¢ by Proposition 2.5.1, hence one can define a map

I L3 H) x L2(Q; L2(0,T; H)) — L*(; L*(0,T; H)) x L*(Q x (0,T) x D)
(Xo,Y) — (X, §),

where (X, €) is the unique process in _# solving (2.6.13). Denote the L?*(Q; L?(0, T; H))-valued
component of I' by I'y and the L!'(Q x (0,7) x D)-valued component by I'y: we are going to
show that Y — T'1(Xo,Y) is a (strict) contraction of L?(Q;L?(0,T; H)), if endowed with a
suitably chosen equivalent norm. Let X; = I'1(Xy;,Y;), ¢ = 1,2, with obvious meaning of the

symbols. For any o > 0, Proposition 2.5.2 yields

HXI - X2HLz(Q;Lgo(o,T;H))mm(Q;Lg(o,T;V)) + \/&HXl - X2HL2(Q;L?1(0,T;H)) (2.6.14)
S HXOl - X02HL2(Q;H) + HB('>Y1) - B('vY2)HL2(Q;L3(0,T;$2(U,H)))’
in particular, by the Lipschitz continuity of B,
131 = ol oz o) S %00 = Xonll o
+ %HB("Yl) - B(, YQ)||L2(Q;Lg(o,T;$2(U,H)))
S 2 (1001 = Xooll oy + 1% = Yol sz .mm) ) (2.6.15)

where the implicit constant does not depend on «. In particular, if Xo; = Xgo, choosing
a large enough, one has that, for any Xog € L?(2, H), Y +— T'1(Xo,Y) is a contraction of
L2(; L2(0,T; H)). Tt follows by the Banach fixed-point theorem that I'y(Xy,-) has a unique
fixed point X therein, hence also in L?(Q; L?(0,T; H)) by equivalence of norms. Setting & :=
I'y(Xo, X), by definition of the map T', (X, &) is a solution to (2.1.1) and it belongs to _#.

Let Xo1, X2 € L?(Q,.%y; H) and X1, X5 be the unique fixed points of the maps I'; (Xo, -),
1= 1,2, respectively, and fz = FQ(XOi,Xi), 1 = 1,2 Replacing }/2 with XZ = Fl(XOiaXi)7
i=1,2, in (2.6.15) yields

HXl - X2HL2(Q;L§(O,T;H)) < CIHX(H - X02HL2(Q;H) + C2HX1 - X2HL2(Q;L3(0,T;H))’
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with Cy > 0, Cy € ]0, 1], hence, by equivalence of norms,

||X1 - ’Xo1

X2HL2(Q;L2(O,T;H)) < ‘ - X02HL2(Q;H)'

This implies, substituting Y; with X; = I'(Xo;, X;), ¢ = 1,2, in (2.6.14), with a = 0,
HXl - X2"LQ(Q;LOO(O,T;H))OLQ(Q;LQ(QT;V))
S HXOl - X02HL2(Q;H) + ||B('7X1) - B("XQ)||L2(Q;L2(O7T;;’£2(U,H)))
S HXOl - XO?HL?(Q;H) + ||X1 - X2HL2(Q;L2(0,T;H))

S HXOl - XO?HL?(Q;H)'

Choosing o = 0 and X1 = X2, one gets immediately X; = X5, hence also, by substitution,

/O (€a(s) —&a(s)ds =0 Ve [0,7],

which implies uniqueness of &.






Chapter 3

Singular semilinear equations:

refined well-posedness

In this chapter, we prove existence/uniqueness of solutions to stochastic semilinear evolution
equations with monotone nonlinear drift and multiplicative noise, assuming the initial datum
to be only measurable and allowing the diffusion coefficient to be locally Lipschitz-continuous.
Moreover, we show how the finiteness of the p-th moment of solutions depends on the integra-
bility of the initial datum, in the whole range p €]0, co[. Lipschitz continuity of the solution
map in p-th moment is established, under a Lipschitz continuity assumption on the diffusion
coefficient, in the even larger range p € [0, ool

The results presented in this chapter are part of a joint work with Carlo Marinelli: see [63].

3.1 The problem: literature and main goals

We study semilinear stochastic partial differential equations on a smooth bounded domain
D C R? of the form

where A is a linear coercive maximal monotone operator on (a subspace of) H := L?(D), 8
is a maximal monotone graph in R x R defined everywhere, W is a cylindrical Wiener process
on a separable Hilbert space U, and B is a process taking values in the space of Hilbert-
Schmidt operators from U to L?(D) satisfying a (local) Lipschitz continuity condition. Precise
assumptions on the data of the problem are given in §3.2 below.

Assuming that the initial datum X, has finite second moment and the diffusion coefficient B
is globally Lipschitz continuous, we proved in Chapter 2 that equation (3.1.1) admits a unique
solution, in a generalized variational sense, whose trajectories are weakly continuous in H. The
contribution of this chapter is to extend these results in several directions. As a first step
we show that the solution X is pathwise strongly continuous in H, rather than just weakly
continuous. This is possible thanks to an Ité-type formula, interesting in its own right, for the
square of the H-norm of processes satisfying minimal integrability conditions, in a variational
setting extending the classical one by Pardoux [72]. The strong pathwise continuity allows us to
prove that existence and uniqueness of solutions to (3.1.1) continues to hold under much weaker
assumptions on the initial datum and on the diffusion coefficient. In particular, Xy needs only

be measurable and B can be locally Lipschitz-continuous with linear growth. Denoting by

63
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the underlying probability space, the solution map Xy + X is thus defined on L°(Q; H), with
codomain contained in L°(Q; E), where E is a suitable path space. By the results of Chapter 2
we also have that the solution map restricted to L?(£2; H) has codomain contained in L?(Q; E).
As a further result, we extrapolate these mapping properties to the whole range of exponents
p € [0, 00[, that is, we show that if X, € LP(Q; H) then X € LP(Q; E) for every positive finite
p, and we provide an explicit upper bound on the LP(Q; E)-norm of the solution in terms of the
LP(Q; H)-norm of the initial datum. If, in addition, B is Lipschitz-continuous, we show that
the solution map is Lipschitz-continuous from LP(Q2; H) to LP(2; E) for all p € [0, 00[. In the
particular case p = 0, this implies that solutions converge uniformly on [0, 7] in probability if
the corresponding initial data converge in probability.

In the classical variational theory of SPDEs, existence and uniqueness of solutions under a
local Lipschitz condition on B and measurability of X, were obtained by Pardoux in [72]. Our
results do not follow from his, however, as equation (3.1.1) cannot be cast in the usual varia-
tional setting. Stochastic equations where all nonlinear terms are locally Lipschitz-continuous
have been considered in the semigroup approach (see, e.g., [47] and references therein), but
our existence results are not covered, as 8 can be discontinuous and have arbitrary growth.
Moreover, the properties of the solution map between LP(Q; H) and LP(£2; E) do not seem to
have been addressed even in the classical variational setting. On the other hand, the continuity
of the solution map in the case p = 0 for ordinary SDEs in R™ with Lipschitz coefficients has
been studied, also with very general semimartingale noise (see, e.g., [35]).

The chapter is organized as follows. In §3.2 we state the main assumptions and we recall
the well-posedness result for (3.1.1) obtained in Chapter 2. In §3.3 we prove a generalized
It6 formula for the square of the norm, as well as the strong pathwise continuity of solutions.
In §3.4 we prove existence and uniqueness of strong variational solutions to (3.1.1) assuming
first that B is locally Lipschitz-continuous with linear growth and that X is square integrable,
hence removing the latter assumption in a second step, allowing X to be merely measurable.
While in the former case solutions have finite second moment, in the latter case one needs
to work with processes that are just measurable (in w), so that uniqueness has to be proved
in a much larger space. This is achieved by a suitable application of the It6 formula of §3.3
and stopping arguments. In §3.5 we show that Xy having finite p-th moment implies that the
solution belongs to a space of processes with finite p-moment as well, with explicit control of
its norm. The Lipschitz continuity of the solution map is then established in a particular case.
Further regularity of the solution and of invariant measures is obtained in the last section, under

additional regularity assumptions on Xy and B.

3.2 Assumptions and preliminaries

Let D be a bounded domain in R? with smooth boundary, and V a real separable Hilbert space
densely, continuously, and compactly embedded in H := L?(D). The scalar product and the
norm of H will be denoted by (-,-) and |||, respectively. Identifying H with its dual H’, the
triple (V, H, V') is a so-called Gelfand triple: the duality form between V and V' extends the
scalar product of H, i.e. (v,w) = vy (v,w), for any v, w € H. For this reason, we shall simply
denote the duality form of V and V' by the same symbol used for the scalar product in H.

The following assumptions on the linear operator A € Z(V,V’) will be tacitly assumed to
hold throughout the whole text:

(i) there exists C' > 0 such that (Av,v) > C||v||%/ for every v € V;
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(ii) the part of A in H can be extended to an m-accretive operator A; on L!(D);
(iii) for every & > 0, the resolvent (I + §A;)~" is sub-Markovian;
(iv) there exists m € N such that (I +3JA4;)"™ € Z(L*(D), L>=(D)).
We shall occasionally refer to hypothesis (i) as coercivity of A, and to hypothesis (iv) as ultra-

contractivity of the resolvent of A;.

Let us now state the assumptions on the nonlinear part of the drift: 5 C R x R is a maximal
monotone graph such that 0 € 8(0) and D(8) = R. Let j : R — [0,+00) be the unique
convex lower-semicontinuous function such that j(0) = 0 and 8 = 97, where 9 stands for the

subdifferential in the sense of convex analysis. We assume that

lim sup ‘j (r)
|r|—o00 ‘7(770)

<0

Denoting the Moreau-Fenchel conjugate of j by j*, the fact that D(8) = R is equivalent to the
superlinearity of j* at infinity, i.e. to
lim & = +400.
|r]—00 |7“|
For a comprehensive treatment of maximal monotone operators and their connection with
convex analysis we refer to, e.g., [10]. Here we limit ourselves to recalling that, for any maximal
monotone graph v on a Hilbert space E, its resolvent and Yosida approximation of - are defined

as (I +\y)~! and
1 _
W= (= (T +x)7),
respectively, that both are continuous operators on E, and that the former is a contraction,

while the latter is Lipschitz-continuous with Lipschitz constant bounded by 1/A.

Let (2, #,P) be a probability space, endowed with a right-continuous and completed filtra-
tion (Ft)tef0,77, on which a cylindrical Wiener process W on a real separable Hilbert space U
is defined. The diffusion coefficient

B:Qx[0,T] x H— £*U,H)

is assumed to be such that B(:, -, x) is progressively measurable for every x € H, and to grow at
most linearly in its third argument, uniformly with respect to the others. That is, we assume

that there exists a constant N such that
1B(t,w,2)|| o 7.1y < N1+ ll]])

for all (w,t,z) € @ x [0,7] x H. In addition to this, we shall consider either of two different

assumptions, namely

(B1) B is Lipschitz continuous in its third argument, uniformly with respect to the others, i.e.

|B(w,t,x) — B(w,t,y < Nz -y

)H,%?(U,H)
for all (w,t) € 2 x [0,T] and x, y € H.

(B2) B is locally Lipschitz continuous in its third argument, uniformly with respect to the
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others, i.e. there exists a function R — Np : Ry — R, such that

HB(OJ7t,(E) - B(wvtay)

£2(U,H) < NR”‘T - y”

for all (w,t) € Q@ x[0,7] and z, y € H with ||z||, ||y| < R.

Finally, Xg is assumed to be an H-valued .%j-measurable random variable.
Let us now define the concept of solution to equation (3.1.1).

Definition 3.2.1. A strong solution to (3.1.1) is a pair (X,§), where X is a V-valued adapted

process and & is an L'(D)-valued predictable process, such that, P-almost surely,

X € L0, T; H) N L*(0,T;V), € LY0,T; LY(D)),
e B(X) ae in(0,T)x D,

and

t
0

X(t)—|—/0 AX(S)d$+/O E(s)ds=X0+/ B(s, X(s))dW(s)
in V' N LY(D) for all t € [0,T].

It is convenient to introduce the family of sets (_#,)p>0 as follows:
Sy © (L9500, 7] H)) 0 P9 L2(0,T5V)) ) x LP/3(93 LY((0,T) x D)

formed by processes (¢, 1) such that ¢ is adapted with values in V', v is predictable with values
in L'(D), v € B(¢) a.e. in Q x (0,T) x D, and j(¢) + j*(¢) € LP/2(Q; L}((0,T) x D).

The following well-posedness result has been proved in Chapter 2. Just for the purposes of
this statement, we shall denote the space _#» with L>(0,T; H) in place of C([0,T]; H) by 5.

Theorem 3.2.2. If Xo € L?(Q, %o; H) and B satisfies the global Lipschitz condition (B1),
then there exists a unique strong solution (X, ) to (3.1.1) belonging to jg, Furthermore, the

trajectories of X are weakly continuous in H and the solution map

L*(Q; H) — L*(Q; L>=(0,T; H)) N L*(Q; L*(0, T; V))
Xo — X

1s Lipschitz-continuous.

Our main result in this chapter is the following far-reaching extension of Theorem 3.2.2: un-
der the more general local Lipschitz continuity assumption (B2), for any Xo € LP(Q, %y, P; H),
p € [0,00], there exists a strong solution (X, &) belonging to _#,, which is unique in _#,. In
particular, the trajectories of X are strongly continuous in H. Precise statements and proofs

are given in §3.4.

3.3 Pathwise continuity via a generalized It6 formula

In this section we prove that, under the assumptions of Theorem 3.2.2, the unique strong
solution (X,&) in _#5 to (3.1.1) is such that X admits a modification with strongly continuous
trajectories in H, rather than just weakly continuous. To this purpose, we need a generalized
1t0’s formula for the square of the norm under minimal integrability assumptions, that will play

a fundamental role throughout.
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We first need some preparations. Let us recall that the part of A in H is the linear (un-
bounded) operator on H defined by Az :== AN (V x H). In particular,

D(42) ={ueV: Auec H} and Asu = Au  VYu € D(Az).

It is well known (see, e.g., [7]) that Ay is closed and that D(Az) is a Banach space with respect
to the graph norm
2 2 2
[ullpa,) = llull” + [l Aull™.

Moreover, D(As) is continuously and densely embedded in V.
Lemma 3.3.1. Let v € V and vy := (I + NA1)"*v. Thenvy —v inV as A — 0.

Proof. Let v € V and € > 0: since D(A5) is densely embedded in V', we can choose u € D(Ay)
such that |[v — ul|, <e. Setting uy := (I + AA1) 'u, we have

lo = oally < o= wully + lu=ully +[lux = oxlly-

Since u,v € V, we have uy — vy = (I + AA2)~!(u — v), and recalling that A, is the part of A
in H we have

(uy —vx) + AA(uy —vx) =u —wv,

where the identity holds in V' as well. Taking the duality product with A(uy — vy) € V', by

coercivity and boundedness of A it follows that

,<A(U)\—U)\),U)\—U,\> + A ,<A(U)\—’U)\),A(U)\—’U)\)>
14 \4 1% 14
> Clfu — oalf + A AG — o)

and

vi(Aux = ox), w)v < Al g vpn llua = vally llully,

hence

2 2
Cllux = vally + AllA(ux = w7 < Al v llux = vally llully,

which implies that there exists a constant N > 0, independent of A, such that
[ux —oxlly < Nluw -2y,

or, equivalently, that (I + AA;)~! is uniformly bounded in V with respect to A\. This implies
that
lux — vally < Nu— o)y, < Ne.

It remains to estimate the term [|u — uy||\,. Since u € D(A2) and
uy = (I + XA u = (I + M) M,
one has uy € D(A2), hence, recalling that Ay is the part of A in H,
Auy + AA(Auy) = Au
in H < V'. Taking the duality pairing with Auy € D(A42) < V, one has

V,<AuA,Au>\>V + )\V,<A(AU>\),AU/\>V = V,<Au, Au)\>v,
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where
o (Aux, Auy),, = | Auy ||, o (AAuy), Auy ), > Ol Aur|,
1 1
p{Au, Auy )y, = (Au, Auy) < 5[ Aul|” + 3| 4w,
hence

1 1
Jus | + A0 w2 < Xjwl? + L ws

which implies that \f)\HAu)\HV < NHAu|
since u € D(Ay),

, with a constant N independent of A\. Therefore,

lux = ully = Al Auall,, < NV Aul.

Choosing A such that N\F/\HAuH < g, one has then
lox —vlly, <2+ N)e,

from which the conclusion follows by arbitrariness of e. O

We recall that (see, e.g., [45]) if two Banach spaces F' and G are continuously embedded in
a separated topological vector space F, their sum F + G is defined as the subspace of E

F+G:={ueE:3feF,gcG:u=f+g}.

Endowed with the norm

lell s =, nE (1F1e+llglle)-

F + G is a Banach space. Similarly, the intersection F' N G is also a Banach space if endowed

with the norm
HuHFﬂG = lull g + [ullg-

Moreover, if F'N G is dense in both F and G, then F’ and G’ are continuously embedded in
(FNG)Y, and (F+ G) = F' NG’ In the following we shall deal with F' := L(0,T; H) and
G := L?(0,T;V’), so that as ambient space E one can simply take L*(0,7;V"’). In this case
F NG is dense in both F' and G, hence, by reflexivity of V,

(LY0,T; H) + L*(0,T; V")) = L>®(0,T; H) N L*(0, T; V).
Theorem 3.3.2. Let Y, v and g be adapted processes such that

Y € LO(Q; L>(0,T; H) N L*(0,T;V)),
ve LY(Q; L0, T; H) 4+ L*(0,T; V")),
g € L°(9; LY(0,T; LY (D)),
Ja>0: jlaY)+j*(ag) € L°%(Q; LY((0,T) x D)).

Moreover, let Yy € L°(Q, Fo; H) and G be a progressive L% (U, H)-valued process such that
G e L°(Q; L*(0,T; £*(U, H))).

If
Y(t) +/() v(s) ds+/0 g(s)ds = Y0+/o G(s) dW (s) vVt € [0,T] P-a.s.
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in V' N LY(D), then

1 ) t t
§HY(t)” Jr/o<11(5),Y(s)>d5+/O/Dg(s,x)Y(s,z)dxds
=3I+ 5 [ IG5+ [ V()G W (s

for all t € [0,T] with probability one.

Proof. Since the resolvent of A; is ultracontractive by assumption, there exists m € N such
that
(I+8A)™™:LY(D)—H  ¥§>0.

Using a superscript § to denote the action of (I + §A;)~™, we have

5 ‘s s _ vy ! 5(g s
Y(t)+/()v(s)ds+/0g(s)d5—Y0 +/OG()dW()

where g° € L'(0,T; H), hence the classical I1t6’s formula yields, for every § > 0,

1 § 2 ! § 9 ‘ 5 §
§||Y Gl +/0 (v°(s),Y (s)>ds+/0/Dg (5,2)Y°(s,2) dz ds
= SIIP 45 [ @ ds+ [ Y6 ) aW ().

Let us pass to the limit as § — 0. Since the resolvent of A; coincides on H with the resolvent of
As, which converges to the identity in £ (H) in the strong operator topology, we immediately
infer that

Yo(t) — Y(t) in H Vtel0,T],
9 —g  inL'(0,T;LY(D)),
Yy —Y, inH,
G’ — G in L*(0,T;.2*(U, H))

where the last statement, which follows by well-known continuity properties of Hilbert-Schmidt

operators, also implies

t t
/O 5] p— / IG() 1 -

Moreover, by the previous lemma we have
Y® — Y in L}0,T;V),

and Y € L*°(0,T; H) and the contractivity in H of the resolvent of A; immediately imply,
by the dominated convergence theorem, that Y — Y weakly* in L>(0,T; H). Therefore, by
reflexivity of V,

Y% — Y weakly* in L>°(0,T; H) N L*(0,T; V).

Since v € LY(0,T; H) + L?(0,T;V’), we have that v = vy + vy, with v; € LY(0,7; H) and
vy € L2(0,T;V’). In this case v° has to be interpreted as

02 = (I + 641 ™v + (I +6A4) ™v,.
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Note that this is very natural since A; and A coincide on D(A;) N V. By the properties of the

resolvent it easily follows that
v) — v in LY0,T; H).

Moreover, since A~ vy € L2(0,T;V) and A=) = (I + §A5) "™ A~ vy, thanks to Lemma 3.3.1
we have that A='v§ — A~lvy in L?(0,T;V), hence also, by continuity of A,

vd — wo in L2(0,T; V).

The convergences of v% and Y?° just proved thus imply

/(v‘s(s),Y‘S(s»ds—)/ <v(s),Y(s)>ds
0 0

for all ¢ € [0,T].

We are now going to prove that ((Y°G%) - W — (YG) - W); — 0 in probability. Setting
Ms == (Y°G%) - W and M := (YG) - W, it is well known that it suffices to show that the
quadratic variation of Ms — M converges to 0 in probability. One has
— |lyénd 2
[Mﬁ - M, Ms — M] - HY G° - YGHL2(O,T;$2(U,R))

2 2
< ||Y§G6 B Y§G||L2(O,T;_'£2(U,R)) + ||Y5G B YG||L2(O,T;$2(U,R))

2 S 2 ) 2
S YW 0,mm G = Glipe o120,y T 1Y G =Y G207, 22 0wy

where the convergence to zero of the first term in the last expression has already been proved,

and
2
£2(U,H)

T
G - YG”iZ(O,T;fz(U,R)) < /0 [Y°(s) - Y(S)H2||G(S) ds — 0,

by the dominated convergence theorem, because Y° — Y pointwise in H and |[Y° — Y| <
2|Y|| € L*>(0,T). We have thus shown that

/0 YOG (s) AW (5) — /O Y ()G(s) AW (s)

in probability, hence P-a.s. along a subsequence of §.

Finally, it is clear that Y%¢g® — Yg in measure in (0,7) x D, and that, thanks to the

assumptions on j,
+a?Y?g° < j(£aY?) + " (ag’) £ 1+j(aY?) +j*(ag’),

where the second inequality follows from the fact that, thanks to the assumption on the growth

of j at oo, there exists a constant M > 0 such that
jry <M1+ j(-r)) VreR.
Jensen’s inequality for sub-Markovian operators (see, e.g., [41]) thus yields

7(@Y?) + j*(ag’) < (I+6A1) ™ (§(aY) + j*(ag)),
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so that
a2|Y596| <1+ + (5A1)*m(j(aY) —|—j*(ag)).

Since j(aY)+j*(ag) € L((0,T) x D) by assumption, the contractivity of the resolvent in L (D)
and the dominated convergence theorem imply that the right-hand side in the last inequality is

convergent in L*((0,7) x D). Hence (Y°g°)s is uniformly integrable and, by Vitali’s theorem,

/Ot/DQJ(S,Z‘)YS(S,JJ)dmdS—>/Ot/[)g(5)x)y(s7$)dxd8

for all ¢ € [0, T]. The proof is thus completed. O

As a first important consequence of the generalized It6 formula we show that (the first

component of) strong solutions are pathwise strongly continuous in H.

Theorem 3.3.3. Let (X, &) be the unique strong solution to (3.1.1) belonging to #». Then X
has strongly continuous paths in H, i.e. there exists Q' € F with P(QV) =1 such that

X(w) e C([0,T); H) Vw e .

Proof. Let r € [0,T]. We have to prove that X (¢t) — X(r) in H ast — r, ¢t € [0, T]. It follows
from Theorem 3.3.2 that for every ¢ € [0, 7] there exists ' € %y with P(€)') = 1 such that

SIXOP - X0 = - [ ax(). x069) ds - | / E(s
5 [ 1B + / X()B(s, X()) AW ()

everywhere on Q. By the definition of strong solution, we can assume that X € L>(0,T; H),
AX € L?(0,T; V'), 5(X) + 5*(€) € LY((0,T) x D), and that B(-,X) € L?(0,T; £*(U, H)),
everywhere on . Since X¢ = j(X) + j*(£), it follows that the process

[0,T] > s — 1h(s) := —(AX(s) /g 7|\B (s, X(s)|]*

(U,H)

belongs to L'(0,T) everywhere on €. Therefore, writing

1
SIXOP - 31X = [ o(6)as + [ X(6)Bls, X6 W o),
since ¢ € L'(0,T) and the stochastic integral has continuous trajectories, we have, as t — r,
2 2
I X@1" =1 X(@)I" =0,

so that || X (t)]] — || X (r)]]. Furthermore, X (¢t) — X (r) weakly in H as t — r by Theorem 3.2.2,
hence, since H is uniformly convex, we conclude that X (¢t) — X (r) in H (cf., e.g., [23, Propo-
sition 3.32]). O

3.4 Existence and uniqueness

We begin with a simple estimate that will be used several times.

Lemma 3.4.1. Let F and G be progressively measurable processes with values in the spaces H

and (U, H), respectively, such that FG is integrable with respect to W. For any numbers p,
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€ > 0 and any stopping time S one has

* 2 1 2
H ((FG) ' W)s L2P(Q) + EHG]I[[(LS]] HLZP(sz;Lz(o,T;,sfz(U,H)))

SellFs

Lr(Q
Proof. The Burkholder-Davis-Gundy inequality asserts that

[((FG)- W) = |[(FG)-W,(FG)-W]y?

sllzo o) Iz )

where, by the ideal property of Hilbert-Schmidt operators and Young’s inequality,
S ) 1/2
1/2
(FG) - W, (FG) - W{* = ( / IFOEO] 220z dt)
s ) ) 1
< ([ 1FOPICOI )

S ) 1/2
< 15 ([ 16O )

1 S
<eFi 4+ g/o HG(t)Hfsfz(U,H) dt.

/2

Therefore, taking the LP(Q2)-(quasi)norm on both sides,

1((FG)-W)

1
5HFS* z

* 2 2
SHLP(Q) S ||L2P(Q) + HG]L[[(LS]]||L2p(Q;L2(o,T;$2(U,H)))

Let (X,¢) and (Y,n) € _#, be strong solutions, in the sense of Definition 3.2.1, to the
equation
dX + AX dt + B(X)dt > B(, X) dW

with initial conditions Xy and Yy, both elements of L°(Q,.%,,P; H), respectively. Here and
throughout this section we assume that B is locally Lipschitz-continuous in the sense of as-
sumption (B2).

Let us also introduce the sequence of stopping times (7},),ecn defined as
T :=inf{t>0: [ Xr@)]|=n or [|Yr(t)]|=n}AT.

Here and in the following, for any I' € .%(, we shall denote multiplication by 11 by a subscript
I'. Even though the stopping times T, depend on I', we shall not indicate this explicitly to

avoid making the notation too cumbersome.

The stopping times T;, are well defined because, by definition of _#y, X and Y have contin-

uous paths with values in H. Moreover, T;, # 0 for sufficiently large n.

The estimate in the following lemma is an essential tool, from which, for instance, uniqueness

and a local property of solutions will follow as easy corollaries.

Lemma 3.4.2. Let I' € %y be such that Xor, Yor € L*(Q, %9,P;H). One has, for every

n €N,
*2

E(Xr - Yr),

S E|| Xor — Y0r||27

with implicit constant depending on T and on the Lipschitz constant of B in the ball in H of

radius n.
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Proof. One has

(X—Y)+/O A(X—Y)ds+/0(f—n)ds:Xo—Y0+/0(B(X)—B(Y))dW.

We recall that, for any .%#p-measurable random variable ¢ and any stochastically integrable
process K, one has ((K - W) = ((K) - W. Therefore

t t
(C=Y)e+ [ AX=V)pds+ [ (€=n)pds

0 0

t
— (X0~ Yahr + [ (BOO) = B aw.
0
The It6 formula of Theorem 3.3.2 yields
9 tAT,
| Xr = Yr|[ (¢ AT,) + 2/ (A(Xr —Yp), Xr — Y7)) ds
0
tAT,
w2 [ (v mpds
0 D
tA

2
£2(U,H) ds

= ||X0F_YOFH2+/ nH(B(X)—B(Y))F
0
tAT,,
w2 [ (X Y)R(BE) - B )W,
0

where (a) the second and term terms on the left-hand side are positive by monotonicity of A
and 3, and by the assumption that £ € 8(X), n € S(Y) a.e. in Q x (0,T) x D; (b) one has

(B(X) = B(Y))p = 1r(B(Xr) = B(¥1)),

hence

Lpo,7,] ’(B(X) - B(Y»FH;?(U,H) Sn Lpo.r,] ]lFHXF - YFH'

Taking supremum in time and expectation,
t
E(XE - YT)? SE||Xor - Yor|” +/ E(XE - YT) ™ ds
0

sAT,,
+ Esup / (X = Y)(B(X) = B(Y))p dW,

s<t

where, by Lemma 3.4.1, the last term on the right-hand side is bounded by

*

tATy,
eE(X{ - YFT")t2 + N(E)E/O [(B(X) - B(Y))FH;Z(Uﬂ) ds

*

<eR(X[" -Y("),

t

“+ N(z—:,n)/ E(XF —YT) " ds.
0

Choosing & small enough, it follows by Gronwall’s inequality that

E(Xr - Yr); =E(X - Y) 7 S E[|Xor - Yor|”,

with an implicit constant that depends on 7" and on the Lipschitz constant of B on the ball in
H of radius n. O

Corollary 3.4.3. Uniqueness of strong solutions in ¢y holds for (3.1.1).
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Proof. Let (X,§), (Y,n) € _#y be strong solutions to (3.1.1). For any I' € %, such that
Xor € L?(Q; H) the previous lemma yields XIT" = YFT" for all n € N, hence X = Yp. Writing

Q=%  Y%={weQ:|Xow)| <k},
keN

and choosing I' as )y, it follows that X1g, = Y1q, for all k, hence X =Y. By comparison,
E=nae inQx(0,T)xD. O

Remark 3.4.4. To prove the corollary, by inspection of the proof of Lemma 3.4.2 it is evident
that one may directly take I' = €2, as in this case Xy —Yy = 0, whose second moment is obviously
finite. This immediately implies X7 = Y= for all n € N, hence X =Y.

Corollary 3.4.5. LetT" € %y. If Xor = Yor, then Xr = Y, and &r = nr a.e. in Qx(0,T)x D.

Proof. Write Q = (J, cyy Q&, where
Qp i ={weQ: |XoW)| <k}n{we:|Yow)| <k}

Then Xolrng,, Yolrno, € L?(2; H), and Lemma 3.4.2 implies that Xrng, = Yrng, for all
k € N, hence X1 = Yr, as well as, again by comparison, {r = nr a.e. in Q x (0,T) x D. O

Now that uniqueness is cleared, we turn to the question of existence of strong solutions. For
this we need some preparations. For R > 0, let us consider the truncation operator op : H - H
defined as

2 lz]l < R,

Re/z|l, |lz[ > R.

OR:T+—
We shall then define

Br:Qx[0,T] x H— £*(U,H)
(w,t,x) — B(w,t,or(z)).

Let us check that By is Lipschitz-continuous for every R > 0. The progressive measurability
of Bp follows from the one of B and the fact that o : H — H is (Lipschitz) continuous.
Moreover, since og is 1-Lipschitz continuous, thanks to the local Lipschitz continuity and the

linear growth of B, for every w € Q, t € [0,T] and z,y € H one has

1Br(w,t,2) = Br(w,t.y)ll 2(,m) < Nrllor(z) —ory)ll < Nrllz —yll

as well as
|Br(w, t,2)|| po (7, pry < N1+ [[or(z)]) < N1+ ||z]).

Thanks to Theorems 3.2.2 and 3.3.3, as well as Lemma 3.4.2, the equation
dX, + AX, dt + 8(X,)dt = B,(X,,) dW, X,(0) = Xy, (3.4.2)

admits a strong solution (X,,§,), which belongs to _#» and is unique in _#, for every n € N.*

Moreover, by the strong continuity of the paths of X,,, one can define the increasing sequence

*Note that Theorem 3.2.2 only shows that (X, &) is unique in _#3, while Lemma 3.4.2 yields uniqueness in
the larger space _Zp.
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of stopping times (7, )nen by
=inf{t € [0,T] : | X, (t)|| = n},

as well as the stopping time

T = hm Tp = SUP Tp,.
neN

As first step we show that the sequence of processes (X, &, ) satisfies a sort of consistency

condition.

Lemma 3.4.6. One has X", = X for all n € N, as well as §,10,-,] = &nr1l[o,r,] in
LY x (0,T) x D).

Proof. 1td’s formula yields, in view of the monotonicity of A and 3,

| Xn+1 — Xn||2(t ANTn) S /0 E (Xnt1 = Xn) (Bag1(Xnt1) — Bn(Xn))(s) AW (s)
+/0 TW’HBnJrl(Xn+1(S)) - Bn(Xn(s))Hifﬂ(U’H) s

Note that B,,11 = By on the ball of radius n in H, hence B, (X,) = B,+1(X,) on [0,7,].

Therefore, since B,y is Lipschitz continuous,

*2 *

tATH

E(X::H - XT ) f, E(((Xn+l - Xn)(Bn+l(Xn+1) - Bn+1(Xn))) ' W)

t
+ [ B, - xR,
0

where the first term on the right-hand side can be estimated, thanks to the BDG inequality
and the ideal property of Hilbert-Schmidt operators, by

tATy 1/2
E(/o | Xnt1 — Xn||2($)||Bn+1(Xn+1(5)) - Bn—i—l(Xn(s))H?gn(lLH) d5>

) v

S eB(XT - X7)7 4 /0 (X7, — X7) ds.

Sn E(X7n, — X7) (/ | X5, — X

Choosing ¢ small enough, Gronwall’s inequality implies

E(X7, — Xv:"):g =0

for all t < T, hence X

ni1 = X, The first claim is thus proved.

In order to prove the second claim, note that it holds

tATy tATy tATy
Xoia(t) + / AXpyr1ds+ / En+1ds = Xo + / Br1(Xny1) dW,
0 0 0

tATH tATH tATh
xp+ [ Axdss [ gds=Xot [ Bux) aw.
0 0 0

where B, (X,) on the right-hand side of the second identity can be replaced by By i1(Xpn41)

because the paths of X7 ; remain within a ball of radius n in H and X1, = X]». This
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identity also yields, by comparison,

t tATh tATh t
[ enitonpds= [ erads= [ ends= [ etnds
0 0 0 0

which implies the second claim.f O

The lemma implies that one can define processes X and & on [0, 7] by the prescriptions
X = X,, and € := &, on [0,7,] for all n € N, or equivalently (but perhaps less tellingly), as

X =1limy, 00 Xy, and € = lim,, o0 &p-

We are now going to show that the linear growth assumption on B implies that 7 =T. We

shall first establish a priori estimates for the solution to equation (3.4.2).

Lemma 3.4.7. There exists a constant N > 0, independent of n, such that
2 2
E[|Xnlleo.rm) + EIXnl 22 020) + Ellén Xl s 0.2y x0y < N (1 + Ell Xoll).

Proof. The Itd formula of Theorem 3.3.2 yields

|\Xn(t)|\2+2/ (AXn(s),Xn(s))ds+2/0/D§n(s)Xn(s)dxds

0

130 [ 1B X Dy A5+ 2 [ X0 (6) B Xo () AW ),

where, recalling that B, = B(-,+,0,(+)) and o, is a contraction in H, and that B grows at most

linearly,
inearly. . . . 2
S 1B XD oy ST+ [ 1(5) P s

Denoting the stochastic integral on the right-hand side by M,,, taking supremum in time and

expectation we get, by the coercivity of A,

2 2
Bl|Xallcqo,ry a0y T EIXnll 2020 + EllénXanll 2 02)x )

T
ST+EXl +E [ 1X,(6)]ds + M7
0
where the implicit constant depends on 7. By Lemma 3.4.1 we have, for any ¢ > 0,
2 r 2
*2
EM < EEHX”HC([O,T];H) + N(e)E/O |1 X (s)|” ds,
therefore, choosing ¢ sufficiently small,

Bl Xalleqo.zren + Bl Xnll o2y Bl Xnll i oy

T
<14+ E|X|? +E / 10 (s)]2 ds.
0

Since this inequality holds also with T replaced by any ¢ €]0,T], we also have

T
2 2
)Xoy S 1+ IS0+ [ BNy

TThe argument in fact proves the following slightly stronger statement: setting =, := fo &n ds, the processes

B, and 5" are indistinguishable for all n.
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hence, by Gronwall’s inequality,

]EHXnH?J([o,T];H) S L+E|Xo|,

with implicit constant depending on T. Since C([0,7T]; H) < L*(0,T; H), one easily deduces

E|| Xullg o,y + Bl Xn + B[ Xn]l 1 S1+E[Xol*. O

2
HL?(O,T;V) 0,T)xD) ~

Lemma 3.4.8. One has
]P’(lim sup{r, < T}) = 0.

n—oo

In particular, T =T.

Proof. By Markov’s inequality and the previous lemma,

1

2
S L+ EIXo).

1 2
P(HXHHC([O,T];H) > ”) < EE”X”HC([O,T];H) N

Since the event {[| Xy lc((o 71,7y = 7} coincides with {7, < T}, one has

Y P(rn <T) < 0,
n=1
thus also, by the Borel-Cantelli lemma,
Pl U{m<T}] =0.

neNk>n

In other words, the sequence (7,,) is ultimately constant: for each w in a subset of Q of P-
measure one, there exists m = m(w) such that 7,(w) = T for all n > m. In particular, 7 =T

P-almost surely. O

This lemma implies that the processes X and £ defined immediately after the proof of
Lemma 3.4.6 are indeed defined on the whole interval [0, 7.

We can now prove the first existence result.

Theorem 3.4.9. Assume that Xo € L?(Q2, %, P; H). Then equation (3.1.1) admits a unique
strong solution, which belongs to _#5.

Proof. Uniqueness of strong solutions is proved, in more generality, by Corollary 3.4.3. Let us

prove existence. By stopping at 7,, one has

tATh tATh tATh
X7 (t) +/ AX,(s) ds +/ En(s) ds = Xo +/ B (Xn(s)) ds,
0 0 0

where, by definition of X, X7» = X" as well as, by definition of B,,,

/0 B (X () ds = /0 " B(X (s)) ds.

Similarly, by definition of £ it follows that

tATH tATH
n ds = ds,
/0 £n(s) ds / £(s) ds
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hence that
tATh tATn tATR
X (t) + / AX(s)ds + / &(s)ds = Xo + / B(X(s)) ds.
0 0 0

Since this identity holds for all n € N and 7,, — T as n — oo, we infer that

X(t)—i—/o AX(s)ds+/O 5(s)ds:xo+/0 B(X(s)) ds

for all ¢ € [0,T] P-a.s.. Moreover, for every n € N, &, € f(X,,) a.e. in Q x (0,T) x D, hence
&nljo,r, € B(Xn)1ljo,r,], thus also {1y 7,1 € B(X)1[o,7,] a-e. in 2x (0,7) x D. Recalling that
Tn — T as n — oo, this in turn implies £ € (X) a.e. in Q x (0,T) x D.

Moreover, since (X, £) is the almost sure limit of (X,,,&,), we immediately infer that X and
¢ are predictable H-valued and L!(D)-valued processes, respectively. The a priori estimates of

Lemma 3.4.7 and Fatou’s lemma then yield
X e L*(Q;C([0,T); H)) N L*(Q; L*(0,T;V)),  £€ L' (Qx(0,T) x D).

Similarly, &, € B(X,) implies X,&n = j(Xy) +j*(€), hence

T
E / /D (1(Xn) +57(60)) S 1+ EJ|Xo|?

for all n € N, and again by Fatou’s lemma, as well as by the lower-semicontinuity of convex
integrals, one obtains
J(X) +57(§) € LN L1 (0,75 L1 (D).

We have thus proved that (X, &) € _#5, so the proof is completed. O

The second existence result, which allows Xy to be merely .%#p-measurable, follows by a

further “gluing” procedure.

Theorem 3.4.10. Assume that Xo € LY(Q, %o, P; H). Then equation (3.1.1) admits a unique

strong solution.

Proof. Uniqueness of strong solutions has already been proved in Corollary 3.4.3. It is hence

enough to prove existence. Let us define the sequence (I',,),en of elements of % as
Ipi={we: || Xo]| <n}.

It is evident that (T',,) is a sequence increasing to (2, and that Xor, = Xolr, € L?(Q; H).
Therefore, by the previous theorem, for each n € N there exists a unique strong solution
(Xn, &) to (3.1.1) with initial condition Xgr, . By the local property of solutions established in
Corollary 3.4.5, we have that X,,;11r, and X, 1, are indistinguishable, and &,+11p, = &, 1p,
a.e. in 2 x (0,7) x D. Since (I'),) is increasing, it makes sense to define the processes X and &
by

X1r, = X, 1r,, &lp, =&, 1r,

for all n € N. This amounts to saying that X and ¢ are the P-a.s. limits of X,, and &,,
respectively, which immediately implies that X and £ are predictable processes with values in

H and L'(D), respectively. Moreover, by construction, we also have

X € L°(Q;C([0,T); H) N L*(0,T;V)), €€ LYQ; L0, T; L'(D)))
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In fact, writing E := C([0,T); H) N L?(0,T;V) for compactness of notation, by the previous
theorem we have X,, € L?*({; E) and £ € LY(Q x (0,T) x D), and for any arbitrary but
fixed w in a subset of  of probability one, there exists n = n(w) such that (X(w),{(w)) =
(Xn(w), &0 (w)) € E x LY((0,T) x D). Furthermore, since &, € 8(X,) a.e. for all n € N, it is

easy to see that
{lr, =& 1r, € B(Xn)1r, = B(Xnlr,)1r, = B(X)1r,
for all n € N; so that £ € 8(X) a.e. because I';, T Q. Similarly,
J(Xy)1r, =j(1r, X,)1r, = j(X)1r,

as well as, by the same reasoning, j*(&,)1r, = j*(§)1r,. Since, by the previous theorem,
J(Xn) + 5 (&) € LY LY((0,T) x D) for all n € N, it follows that

(I(X)+5%(9)1r, € LY LY(0,T) x D) VneN,

hence j(X) + j*(¢) € L°(Q; L' ((0,T) x D). O

3.5 Moment estimates and dependence on the initial da-

tum

We are now going to show that the integrability of the solution is determined by the integrability

of the initial condition.

Theorem 3.5.1. Let p > 0. If Xg € LP(Q, %y, P; H), then the unique strong solution to
equation (3.1.1) belongs to 7.

Proof. Ttd’s formula yields

||X(t)||2+2/0 (AX(s),X(s)}ds+2/0/D§(3)X(s)dacds

2

:||Xo||2+/0 |B(s, X(s)) 32(U,H)d8+2/0 X(s)B(s, X(s)) dW (s).

For any o > 0, it follows by the integration-by-parts formula that
t t
2 X (1)) + 2a/ e=209 | X (s) |2 ds + 2/ ¢29 (AX (s), X (s)) ds
0 0
¢
+ 2// e 2%%¢(5) X (s) dx ds
0JD
t
2 —2a: 2
=130+ e B X0 gy
¢
+2/ e 2 X (5)B(s, X (5)) dW (s).
0
Let M denote the stochastic integral on the right-hand side, and Y (t) := e~ ** X (¢). Since X has
continuous paths in H, one can introduce the sequence of stopping times (77,)nen, increasing

to T, as
T, :=inf{t>0: | X(t)| =n} AT
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It follows by the local Lipschitz-continuity property of B that

tATy, AT,
E@P 20 [y @Pasee [ v s

AT,
+2/ / e 25¢ ()X (s) da ds

< [1%o|? /O " e=205|| B, (s, X () || ds + 2MT (t).

(U,H)

Recalling that B, = B(:,-,0,(-)) and o, is a contraction in H, and that B grows at most
linearly, one has
—zis —2x8 2
205 By (5, X ()| ooy S €2 + IV (5)I%

hence

tAT), ) 1 tA\T, 5
/ 205 B (5, X)) <%+/ 1Y (5|12 ds. (3.5.3)
0 0

Taking supremum in time and the LP/?(Q)-(quasi)norm, recalling the BDG inequality and the
fact that e~ *¢, X, > e~ 7€, X,,, we are left with

N2 2 2
HYTn Lr(Q) + aHY]l[[O»Tn]]HLP(Q;Lz(O,T;H)) + HY]l[[O,Tn]] HLP(Q;Lz(O,T;V))

+ e_aT|’fX1[[07Tnl] HLM(QLI((O T)x D))
+ H M M 1/2

1
S HXOHLP(Q H) + + ||Y1[[0 Tn] LP(Q L2(0,T;H)) HLP/Z(Q)

Lemma 3.4.1 and (3.5.3) yield

" 171 2
[M, Mﬁr{? Sevii+ z (2a +([Y1por. HLz(O,T;H))’

hence
1

1 2
H[M M1/2HLP/2(Q) 5HYT HLP(Q) gHY]l[[Oan]]||LP(Q;L2(O,T;H)) +T«s’

where the implicit constant is independent of o and of an arbitrary € > 0 to be chosen later.
We thus have

2
+ HY]l[[O,TnH HLP(Q;L2(0,T;V))

2
(
+ e_aTHgXl[[&Tnﬂ HLP/2(Q;L1((O T)x D))

S %ol oy + Y™ ey + (14 1/0)][Y 1o 7,

LP(Q L2(0,T;H))

+ i(l +1/e).

Since the implicit constant is independent of a and ¢, one can take ¢ small enough and « large

enough so that

% 12 2
||YTn ||LP(Q) + ||Y]l[[07Tn]] Lp(Q;L2(0,T;V)) + ||§X1[[07Tn]] ||LP/2(Q;L1((O,T)><D))

S1+ ||X0||2LP(Q;H)'
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As the implicit constant is independent of n and T, increases to T, we get

2 2
HYHLP(Q;C([O,T];H)) + ||YHLP(Q;L2(O,T;V)) + ||£XHLP/2(Q;L1((0,T)><D))
2
S+ ||XO||LP(Q;H)'

The proof is completed noting that, for E := C([0,T]; H) N L?(0,T;V),

Xl < e*TN1Y ]| - J

If B is Lipschitz-continuous, related arguments show that the solution map is Lipschitz-
continuous between spaces with finite p-th moment in the whole range p € [0, oo[. We consider

the cases p > 0 and p = 0 separately.

Proposition 3.5.2. Let p > 0. If B is Lipschitz-continuous in the sense of assumption (B1),

then the solution map

LP( H) — LP(Q;C([0,T); H)) N LP(Q; L*(0,T5 V)
XO — X

is Lipschitz-continuous.

Proof. Let Xo, Yo € LP(Q2; H). The previous theorem asserts that the (unique) strong solutions
(X,€) and (Y,7n) to (3.1.1) with initial condition Xy and Yp, respectively, belong to LP(; E),
where, as before, E stands for C([0,T]; H) N L?(0,T;V). By Ito’s formula,

||)<>Y\|2+2/O <A(X—Y),X—Y)ds+2/0/D(£—n)(X—Y)ds
=1%o =35l + [ 100 = BO)
2 [ (X Y)BO) - B aw
0

where the third term on the left-hand side is positive by monotonicity of 8. Let a > 0 be a
constant to be chosen later, and set X, := Xe ™, Y, := Ye™ . It follows by the integration-
by-parts formula, in complete analogy to the proof of the previous theorem, by the Lipschitz
continuity of B, and by the coercivity of A, that

t t
1Xo — Yol +a / 1 X — YalPPds + / X0 — Yall% ds
0 0
t
1% = Yol + [ [1Xa = Yol ds+ 1,
0

where M = (e72%(X — Y)(B(X) — B(Y))) - W. Taking supremum in time and the LP/2(Q)-
(quasi)norm yields

2 2
”Xa - YO‘HLP(Q;C([O,T];H)) + O‘HXC“ - YQHLP(Q;L2(O,T;H))

2
+ [ Xe = Yall o200
2 2 ]
< || Xo - YOHLP(Q;H) + | Xa - Ya||Lp(Q;L2(0,T;H)) + HMTHLP/Z)(Q)’
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where, by Lemma 3.4.1,

1727

el Xa N(e)|| Xa

2 2
Lr/2(Q) < o YQHLP(Q;C([O,T];H)) + - YQHLP(Q;L2(O,T;H))

for any € > 0. Choosing first € small enough, then « sufficiently large, we obtain
X~ o)

2 2 2
HXa - YO‘HLP(Q;C([O,T];H)) |LP(Q;L2(O,T;V)) N HXO - YOHLP(Q;H)’

which completes the proof noting that | X — Y| < e®T|| X, — Y, || 5. O

Lipschitz continuity of the solution map can also be obtained in the case p = 0. As already
seen, the space E := C([0,T); H) N L?(0,T;V), equipped with the norm

H“HE = ||u||C([O,T];H) + HUHL2(O,T;V)’

is a Banach space. Then L°(Q; E), endowed with the topology of convergence in probability, is
a complete metrizable topological vector space. In particular, the distance

d(f,9) =E(lf —gllz A1)

generates its topology.

Proposition 3.5.3. If B is Lipschitz-continuous in the sense of assumption (B1), then the

solution map

LY(Q; H) — L°(O; E)
X[) — X

18 Lipschitz-continuous.

Proof. Let X, Yy € L°(Q, %y, P; H), and (X, &), (Y,n) the unique solutions in _#, to equation
(3.1.1) with initial datum X and Yj, respectively. The stopping time

T = inf{t >0: (X —Y) + </Ot||X(s) - Y(s)||‘2/ds>1/2 > 1} AT.

is well defined thanks to the pathwise continuity of X and Y. For every « > 0, using the same
notation as in the previous proof, Theorem 3.3.2 yields, by monotonicity of 5 and coercivity of
A,

(Yo =) + [ 1Xas) = Yol ds+ [ 1Xa(e) = Vao) s
130 =Yl + [ (BOXE) = BO o gy

*
t

+ ((Xo = Ya)(B(X) = B(Y))a - W)

Raising to the power 1/2, stopping at 77, and taking expectation, we get, by the Lipschitz
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continuity of B,
) T ) 1/2
B - Vo), +B( [ 1Xa(0) ~ Yool s
T ) 1/2
wm( JRE AR AT ds)
0
1/2

T
< ElLpo.zygl|Xo - Yol +E< JREACE Ya<s>|2ds)
0

*1/2
T

+ ]E((Xa - Ya)(B(X) - B(Y))a . W)

where, by Lemma 3.4.1 and Lipschitz continuity of B, the last term on the right-hand side is

bounded by
1/2

Ty
B, - Vo), + NOE( [ 1Xa(e) - Yalo)* ds)
0
for every € > 0. Therefore, choosing € small enough and « large enough, we are left with

T1 1/2
(X —Y)., +E( [ ixe —Y<s>||2vds) < Elpom|Xo — Yoll

The proof is concluded noting that, by definition of 77,

T 1/2
(X - Y)Tl + (/o [ X(s) - Y(S)ﬁ/ds) = HX - YHC([O,T];H)0L2(O,T;V) A

and || Xo — Yo|| <1 on [0,71], hence

E Ljo,r,71 X0 — Yoll = ELpo 1 (| Xo — Yol A1) < E([| Xo — Yol A 1). O






Chapter 4

Singular semilinear equations:

long-time behaviour

In this chapter, we prove existence of invariant measures for the Markovian semigroup generated
by the solution to a parabolic semilinear stochastic PDE whose nonlinear drift term satisfies
only a kind of symmetry condition on its behavior at infinity, but no restriction on its growth
rate is imposed. Thanks to strong integrability properties of invariant measures p, solvability of
the associated Kolmogorov equation in L (1) is then established, and the infinitesimal generator
of the transition semigroup is identified as the closure of the Kolmogorov operator. A key role
is played by a generalized variational setting.

The results presented in this chapter are part of a joint work with Carlo Marinelli: see [62].

4.1 The problem: literature and main goals

Our goal is to study the asymptotic behavior of solutions to semilinear stochastic partial dif-

ferential equations on a smooth bounded domain D C R? of the form
dX; + AX dt + B(Xy) dt > B(Xy) dWy, X (0) = Xp. (4.1.1)

Here A : V — V' is a linear maximal monotone operator from a Hilbert space V to its dual
V' and V C H := L?(D) C V' is a so-called Gelfand triple; 3 is a maximal monotone graph
everywhere defined on R; W is a cylindrical Wiener process on a separable Hilbert space U, and
B takes values in the space of Hilbert-Schmidt operators from U to L?(D). Precise assumptions
on the data of the problem are given in §4.2 below. The most salient point is that 8 is not
assumed to satisfy any growth assumption, but just a kind of symmetry on its rate of growth at
plus and minus infinity — see assumption (vi) in §4.2 below. Well-posedness of equation (4.1.1)
in the strong (variational) sense has been obtained in Chapters 2 and 3 by a combination
of classical results by Pardoux and Krylov-Rozovskil (see [46, 72]) with pathwise estimates
and weak compactness arguments. The minimal assumptions on the drift term S imply that,
in general, the operator A + 3 does not satisfy the coercivity and boundedness assumptions
required by the variational approach of [46,72]. For this reason, questions such as ergodicity
and existence of invariant measures for (4.1.1) cannot be addressed using the results by Barbu
and Da Prato in [11], which appear to be the only ones available for equations in the variational
setting (cf. also [68]). On the other hand, there is a very vast literature on these problems for

equations cast in the mild setting, references to which can be found, for instance, in [28,29,78].

85
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Even in this case, however, we are not aware of results on equations with a drift term as
general as in (4.1.1). Our results thus considerably extend, or at least complement, those on
reaction-diffusion equations in [26,28,29], for instance, where polynomial growth assumptions
are essential. More recent existence and integrability results for invariant measures of semilinear
equations have been obtained, e.g., in [37,38], but still under local Lipschitz-continuity or other
suitable growth assumptions on the drift. Another possible advantage of our results is that we
use only standard monotonicity assumptions, whereas in a large part of the cited literature one

encounters assumptions of the type

(Az + Bz +y), 2) < f(llyl) - kll«|

for some (or all) z belonging to the subdifferential of ||x||, where f is a function and k a constant.
Here A actually stands for the part of A in a Banach space E continuously embedded in L?(D),
(-,-) stands for the duality between E and its dual, and the condition is assumed to hold for
those x, y for which all terms are well defined. Often E is chosen as a space of continuous
functions such as C'(D). This monotonicity-type condition on A and f3 is precisely what one
needs in order to obtain a priori estimates by reducing the original equation to a deterministic
one with random coefficients, under the assumption of additive noise. Using a figurative but
rather accurate expression, this methods amounts to “subtracting the stochastic convolution”.
Our estimates are obtained mostly by stochastic calculus, for which the standard notion of
monotonicity suffices. Among such estimates we obtain the integrability of (the potential of)
the nonlinear drift term [ with respect to the invariant measure p, which is known to be a
delicate issue, especially for non-gradient systems (cf. the discussion in [37]). These results
allow us to show that the Kolmogorov operator associated to the stochastic equation (4.1.1)
with additive noise is essentially m-dissipative in L!(H, u). This implies that the closure of the
Kolmogorov operator in L!(H, i) generates a Markovian semigroup of contractions, which is a
p-version of the transition semigroup generated by the solution to the stochastic equation. It is
worth mentioning that the variational-type setting, while allowing for a very general drift term
B, gives raise to quite many technical issues in the study of Kolmogorov equations, for instance

because test functions in function spaces on V and V' naturally appear.

We conclude this introductory section with a brief description of the structure of the chapter
and of the main results. In Section 4.2 we state the basic assumptions which are in force
throughout the paper, and recall the well-posedness result for equation (4.1.1) obtained in
Chapter 2. Section 4.3 is devoted to auxiliary results, most of which should be interesting in their
own right, that underpin our subsequent arguments. In particular, we prove two generalized
versions of the classical Itd formula in the variational setting for equation (4.1.1): one for the
square of the norm, and another one extending a very useful but not-so-well known version for
more general smooth functions, originally obtained by Pardoux (see [72, p. 62—ff]). Furthermore,
we establish results on the first and second-order differentiability, both in the Gateaux and
Fréchet sense, of (variational) solutions to semilinear equations with regular drift with respect
to the initial datum. In Section 4.4 we prove that the transition semigroup P generated by the
solution to (4.1.1) admits an ergodic invariant measure p, which in also shown to be unique
and strongly mixing if § is superlinear. These results follow mainly by a priori estimates
(which, in turn, are obtained by stochastic calculus) and compactness. Finally, Section 4.5
deals with the Kolmogorov equation associated to (4.1.1). In particular, we characterize the
infinitesimal generator —L of the transition semigroup P on L!(H,u) as the closure of the

Kolmogorov operator —Lg. After showing that Ly is dissipative and coincides with L on a
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suitably chosen dense subset of L!(H, i), we prove that the image of I+ Ly is dense in L*(H, p),
so that the Lumer-Phillips theorem can be applied. Due to the variational formulation of the
problem, the latter point turns out to be rather delicate, even though the general approach
follows a typical scheme: we first introduce appropriate regularizations of Lg, for which the
Kolmogorov equation can be solved by established techniques, then we pass to the limit in the
regularization’s parameters. Here the generalized It6 formulas and the differentiability results

proved in Section 4.3 play a key role.

4.2 General assumptions and well-posedness

Before stating the hypotheses on the coefficients and on the initial datum of equation (4.1.1)
that will be in force throughout the paper, let us fix some notation.

The Hilbert space L?(D) will be denoted by H, and its norm and scalar product by |||
and (-, -), respectively. Let V be a separable Hilbert space densely, continuously and compactly
embedded in H = L?*(D). The duality form between V and V' is also denoted by (,-), as
customary. We assume that A € Z(V, V') satisfies the following properties:

(i) there exists C' > 0 such that (Av,v) > CH’UH%/ for every v € V;
(ii) the part of A in H can be uniquely extended to an m-accretive operator A; on L!(D);
(iii) for every 6 > 0, the resolvent (I + §A;)~! is sub-Markovian;

(iv) there exists m € N such that (I +3d4,)"™ € Z(L*(D), L>(D)).

Let us now consider the non-linear term in the drift. We assume that
(v) B CR xR is a maximal monotone graph such that 0 € 8(0) and D(8) = R.

Let j : R — Ry be the unique convex lower semicontinuous function such that j(0) = 0 and

B = 07, in the sense of convex analysis. We assume that

i) limsu i(r)
(V) 1\r|—)oopj(_r)

< 0

This hypothesis is obviously satisfied if j (or, equivalently, 3) is symmetric. Denoting the
convex conjugate of j by j*, it is well known that the hypothesis D(5) = R is equivalent to the

superlinearity of j* at infinity, i.e.

() _

|r]|—00 ‘7"|

We are going to need the following property implied by assumption (vi): there exists a strictly
positive number 7 such that, for every measurable function y : D — R, j*(y) € L'(D) implies
7*(nly]) € LY(D). In fact, from (vi) we deduce that there exist R > 0 and M; = M;(R) > 0
such that j(r) < Myj(—r) for |r| > R. Since j > 0, one can choose M; > 1 without loss of
generality. Setting My := max{j(r) : |r| < R}, which is finite by continuity of j, we deduce
that

Jjlr)y < Myj(—r) + My vr e R.

Taking convex conjugates on both sides we infer that

J*(r) > Myj*(—r/My) — My Vr € D(j").
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Setting n := 1/M; < 1 and recalling that j*(0) = 0, hence j* is positive on R and increasing

on R, , one has

7 lyl) = 7" () 1=y + 37 (=ny)1y<oy
J W) lgy>oy + 15" (W) 1gy>o0y + Mo

< j*(y)+ Mz € L'(D).

*

IN

(
(

The assumptions on the Wiener process W and the diffusion coefficient B are standard: let
U be a separable Hilbert space and W a cylindrical Wiener process on U, defined on a filtered
probability space (2, 7, (F¢)icjo,1), P) satisfying the so-called usual conditions.” We assume
that

(vii) B: H — £?(U, H) is Lipschitz-continuous and with linear growth, i.e. that there exists

a positive constants Lp such that

|B(x) ~ Bl g2y < Lz — ] Ve,y € H,
|B@) g2y < L1+ ] Vo€ H.

Finally, the initial datum X is assumed to be .Zo-measurable and such that E|X,||” is finite.

All hypotheses just stated will be tacitly assumed to hold throughout.

The following well-posedness result for equation (4.1.1) has been proved in Chapter 2, al-

lowing the coeflicient B to be also random and time-dependent.

Theorem 4.2.1. There is a unique pair (X,§), with X a V-valued adapted process and § an
LY(D)-valued predictable process, such that

X € LA L>(0,T; H)) N L*(Q; L*(0,T;V)), €€ L' (Qx (0,T) x D),
J(X)+5%(€) € LY x (0,T) x D), £€B(X) ae inQx(0,T)x D,

and
X(t)+ /t AX(s)ds+ /tf(s) ds = Xo + /tB(X(S)) dW(s) Vtel0,T], P-a.s.

in V' N LY(D). Moreover, X is P-a.s. pathwise weakly continuous from [0,T] to H, and the

solution map

L*(Q; H) — L*(Q; L>(0,T; H)) N L*(Q; L*(0, T; V))
Xor— X

1s Lipschitz-continuous.

The main result of this chapter will be stated at the end of Section 4.5 and will follow after

some intermediate steps.

*Expressions involving random elements are always meant to hold P-a.s. unless otherwise stated.
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4.3 Auxiliary results

To prove the main results we shall need some auxiliary results that are interesting in their own
right, and that are collected in this section. In particular, we recall or prove some [to-type
formulas and provide conditions for the differentiability of solutions to equations in variational

form with respect to the initial datum.

4.3.1 It6 formulas
The following version of 1t6’s formula for the square of the norm is proved in Chapter 3.

Proposition 4.3.1. Assume that an adapted process
Y € L°(Q; L>=(0,T; H)) N L°(Q; L*(0,T; V)

is such that

+ /Ot AY (s)ds + /Otg(s) ds =Yy + /Ot G(s)dW (s)

in LY (D) for allt € [0,T], where Yy € L°(Q, Zo; H), G is a progressive (U, H)-valued process
such that
G € L2(Q x (0,T); L2(U, H)),

g is an adapted L*(D)-valued process such that
g€ LY LY(0,T5 LY(D))),
and there exists a > 0 for which
j(@Y) +j*(ag) € L'(Q x (0,T) x D).

Then

1 5 ¢

§||Y(t)|| +/< Y (s), ds+// s,x)Y (s, z)dxds

= 1060+ 5 [ 166 s + / Y($)G(s) AW (s) Ve[0T,

Proof. Since the resolvent of A; is ultracontractive by assumption, there exists m € N such

that
(I+06A,)"™:LYD)— H  V¥§>0.

Using a superscript ¢ to denote the action of (I 4+ JA;)~F, we have
t t t
YO(t) +/ AYO(s)ds +/ @ (s)ds =YQ +/ Go(s)dW(s)  Vtel0,T],
0 0 0
where g° € L'(0,T; H), hence the classical Ité formula yields, for every ¢ > 0,
Livs 2 "y 5 s 5
§||Y O+ [ (AY°(s),Y°(s))ds + 9°(s,2)Y°(s,z) dz ds
0 0JD
s LN s e TR
= 5IIY0I" + 5 ; 1G° () 2,11y ds + ; YO(s)G°(s)dW (s) vt €[0,T].

We are now going to pass to the limit as § — 0. By the assumptions on A and the regularity
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properties of Y, g, Yy, and G, one has

Yo(t) = Y(t) inH Vtelo,T],
Y® =Y  in L}0,T;V),
AY? - AY  in L*(0,T; V"),
9" —g i L'(0,T;L'(D)),
Ve —Y, inH,
G? -G in L2(Q; L*0,T; 2*(U, H))).

This implies \ .
/ <AY5(s), Y6(s)> ds — / (AY (s),Y(s))ds
0 0

and

t t
/0 1G3(3) 2 10y s — / IG$) o ds.

Using the dominated convergence theorem, it is not difficult to check that ||Y°G® —Y G ||;2(U’R)

converges to zero in probability, hence also (along a subsequence)

/ Y (5)GO(s) dW (s) —> / Y (s)G(s) AW (s).
0 0

Finally, the symmetry assumption on j ensures that (¢°Y %) is uniformly integrable on (0, T') x D,

so that . .
// g‘s(s,x)Y‘S(s,m)dxdsﬁ// g(s,z)Y (s, x) dx ds. O
0JD 0JD

We shall also need a simplified version of an It6 formula in the variational setting, due to
Pardoux, for functions more general than the square of the H-norm. For its proof (in a more

general context) we refer to [72, p. 62-ff.].

Proposition 4.3.2. Let Y € L°(Q; L2(0,T;V)) be such that

t t
Y(#) =Y, +/ v(s)ds +/ G(s) dW (s)
0 0
for all t € [0,T), where Yo € L°(2, %0, P; H) and
ve Lo L0, T; H)) @ LO(; L2 (0, T; V')

is adapted and G € L*(Q x (0,T); £2(U, H)) is progressively measurable. Then, for any F €
CEZ(H)NCL(V"), one has
t

F(Y (1)) = F(Y,) + /0 DE(Y (s))u(s)ds + | DF(Y(5))G(s) W (s)

1 t

+ 5/ Tr(G*(s)D*F(Y (s))G(s)) ds
0

for every t € [0,T), P-almost surely.

The previous It6 formula can be extended to processes satisfying weaker integrability con-

ditions, in analogy to Proposition 4.3.1.
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Proposition 4.3.3. Let Y € LY(; L2(0,T;V)) N L°(Q; L>=(0,T; H)) be such that

t t t
Y(t)=Yy + / Av(s)ds + / g(s)ds + / G(s) dW (s)
0 0 0
for all t € [0,T), where Yo € L°(2, %, P; H) and
ve L) L0, T;V)),  ge L°(Q; LY(0,T; L(D)))

are adapted and G € L*(Q x (0,T); £*(U, H)) is progressively measurable. Then, for any
F e CHH)NCHV')NCEHLY(D)), one has

F(Y(t))zF(Yo)+/O (Av(s),DF(Y(s)))ds+/O/Dg(s)DF(Y(s))ds
+/ DF(Y(s))G(s)dW(S)—i—%/ Tr(G*(s)D*F(Y (s))G(s)) ds
0 0

for every t € [0,T], P-a.s..

Proof. Since the resolvent of A; is ultracontractive by assumption, there exists m € N such
that
(I4+6A)"™: LY (D)= H V§>O0.

Using a superscript ¢ to denote the action of (I +0A;)~™, we have
t t t
Yo(t) =Yy +/ Av®(s)ds +/ ¢°(s)ds +/ GO(s)dW(s)  Vte[0,T),
0 0 0

where Av? + g% € LO(Q; LY (0,T; H)) @ L°(; L?(0,T;V"')). Hence, by Proposition 4.3.2, for

every ¢ > 0 we have

F(Y°(t)) _F(Y(f)+/t<Av (s), DF(Y?(s ds+// s)DF(Y°(s))ds

0

' s 5 1 5y 2 py6 §
+/0 DF(Y°(s))G°(s)dW (s) + 5/0 Tr((G°)*(s)D*F(Y°(5))G°(s)) ds

for every t € [0, T, P-almost surely. Let us pass to the limit as § — 0 in the previous equation.
It is clear from the fact that Y'(¢),Y; € H and the continuity of F' that

F(Y°(t)) = F(Y(t),  F(YJ)— F(Yp).
Moreover, since v° + 6 Av® = v in V, taking the duality pairing with Av® € V’, we have
(A0°,0%) + 6| A0 ||* = (A, 0) <A gy n 100l ol
from which, by coercivity of A,

1Al v
[l < ==Z22elly V6 >o0.

Taking into account that v € L?(0,T; V), we deduce that v — v weakly in L?(0,7;V). Since
Y® — Y in L?(0,T; H), by continuity of A and the fact that DF € Cy(H, V'), we have Av® — Av
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weakly in L2(0,T;V’) and DF(Y?) — DF(Y) in L?(0,T;V), hence

/ (Av°(s), DF(Y°(s))) ds —> / (Av(s), DF(Y (s))) ds.
0 0

Furthermore, since Y?(t) — Y (t) in H for every t € [0, T], recalling that DF € Cy(H, L>(D))
and ¢° — g in L'(0,T; L' (D)), we have (possibly along a subsequence)

/ 3(s)DF(Y°(s)) —>/ $)DF(Y(s))  forae. s e (0,T).
D

Taking into account that [, g DF(Y?) < IDF ¢, oy 9l 1 0y € L'(0,T), by the domi-

nated convergence theorem we then have

// SYDF(Y?(s dSH// s)YDF(Y?(s)) ds.

Moreover, since Y°(t) — Y (¢) in H for every t € [0, T, recalling that D*F € C(H, #(H)) and
G® — G in L*(Q; L?(0,T; £2(U, H))), we have (possibly along a subsequence)

Tr((G‘S)*(s)DzF(Y‘S(s))G‘S(s)) — Tr(G*(s)D*F(Y (s))G(s)) for a.e. s € (0,T).

Since Tr((G°)*D*F(Y°)G®) < |D*Fll ¢y 2(m) ||GH$2(U iy € L'(0,T), the dominated conver-

gence theorem yields

t t
/ Tr((G°)*(s)D*F(Y°(s))G°(s)) ds — / Tr(G*(s)D*F (Y (s))G(s)) ds.
0 0
Finally, by the Davis inequality and the ideal property of Hilbert-Schmidt operators, we have

E sup
te[0,T]

/DF Y2(s))G(s) dW (s /DF G(s) dW (s)

1/2
2{ ds)

T 1/2
SE (/0 IDE(Y° ()P (5) = G() 220,y dS)

<E (/0 |DF(Y?°(s))G°(s) — DF(Y (s))G(s)

T 1/2
+E (/O IDF(Y*(s)) = DEY (s)I*1G° () %2 (0111 d$>
< HDF“C(H,H)”G(S = Gllr20r201:22 0, m))
- 1/2
+E (/0 1G22 0,10 | DF (Y (5)) — DF(Y(S))|2d8> ;
where the first term on the right-hand side converges to 0 because
G° -G in L2(Q; L%(0,T; £*(U, H))).

Similarly, since DF(Y?®) — DF(Y) a.e., it follows by the dominated convergence theorem

that the second term on the right-hand side converges to zero as well. Therefore, passing to
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subsequence if necessary, one has
t t
/ DF(Y°(5))G%(s) dW (s) — / DFE(Y (s))G(s) dW (s). O
0 0

4.3.2 Differentiability with respect to the initial datum for solutions

to equations in variational form

Let g € CZ(R) and consider the equation
dX + AX dt = g(X) dt + G dW, X(0) ==,

in the variational sense, where A satisfies the hypotheses of Section 4.2, G € £?(U, H), and
reH.

For compactness of notation we write E in place of C([0,T]; H) N L?(0,T;V). The above
equation admits a unique variational solution X* € L?(Q; E). Here and in the following we
often use superscripts to denote the dependence on the initial datum. We are going to provide
sufficient conditions ensuring that the solution map x + X belongs to CZ(H; L*(Q; E)). The
problem of regular dependence on the initial datum for equations in the variational setting does
not seem to be addressed in the literature. On the other hand, several results are available
for mild solutions (see, e.g., [26,29,59]), where an approach via the implicit function theorem
depending on a parameter is adopted. Here we proceed in a more direct and, we believe, clearer
way. The results are non-trivial (and probably not easily accessible via the implicit function
theorem) in the sense that the solution map is Fréchet differentiable even though, as is well
known, the superposition operator associated to g is never Fréchet differentiable unless g is
affine. The first and second Fréchet derivative of the solution map shall be denoted by DX
and D2X, respectively. These are maps with domain H and codomain . (H, L?(2; E)) and
% (H; L*(Q; E)), respectively. Here and in the following we denote the space of continuous
bilinear mappings from H x H to a Banach space F by % (H; F).

We begin with first-order differentiability.

Theorem 4.3.4. The solution map x — X* : H — L?(Q; E) is continuously (Fréchet) differ-
entiable with bounded derivative. Moreover, for any h € H, setting Yy, := (DX)h, one has

Yé + AY), = g/(Xw)Yh, Yh(O) = h, (432)

in the variational sense.

Proof. Classical (deterministic) results imply that (4.3.2) admits a unique solution Y}, € E for
P-a.e. w € . Since X7 is an adapted process and h is non-random, it follows that Y}, is itself
adapted. Alternatively, and more directly, one can apply the stochastic variational theory to
(4.3.2), deducing that Y}, € L?(Q; E) is adapted. Let us set, for compactness of notation,

. 1
X =X"h 2= —(Xe = X) =i,

where ¢ is an arbitrary real number. Elementary calculations show that

)+ [ An(s) s = [ (2005 = 9(X () ~ g (X)VA() s

3

Writing
9(Xe) — 9(X) = g(X +€Y) — 9(X) + 9(Xe) — 9(X +€Yp)
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yields

2(9(X2) — 9(X)) — ¢ (X)¥i = = (9(X +¥3) — (X)) — ¢/ (XY
+%@m&)—MX+EnD

=: R, + S..

By the integration-by-parts formula applied to the equation for z. we get

IO + [ () s s = [(Re(o) ) ds+ [ (Sufs)lo) s

where (S¢, z.) < ||Sc||||z¢|| and, by the Lipschitz continuity of g,
1
15[l < llgll¢on gHXe =X =Vl = llgll oz,

so that (Se, 2e) < ||gll¢oallze]®. Since (Re,z.) < (||[Re|)* + [|2<]|*) /2, we are left with

1 5 ¢
IO + [ (4.2 (50 s
< (/24 lalens) [ P ds 5 [ 1RGP s

For an arbitrary ¢ > 0 one has, by the coercivity of A,

1 2 K 2
o +C [ 1ol ds
t t
< (14 2gllens) [ el m ds+ [ IR ds.

hence also, by Fubini’s theorem and Gronwall’s inequality,
T
E||2ellg o ey < e(2+4”9”c'0=1)TIE/ IR-(s)||* ds.
0

It is clear from the hypotheses on g and the definition of R. that R. — 0 in L%(Q2x [0, 7] x D) as
e — 0 for every s € [0, T]. Moreover, it follows by the Lipschitz continuity of g and elementary
estimates that |R.| < ||g]l¢o.:|Yn|, where Y}, € L?(2 x [0,T] x D). The dominated convergence
theorem thus yields

T
limIE/ |R(s)||* ds = 0.
e—0 0

Since

T T
2 2 2
CE / l2e()I ds < (1 + 2lgleon) Tzl o 19 + B / | Re ()] ds.

we conclude that

limHZEH 0.

emoll Fllz2(aim)
This proves that the solution map is differentiable in every direction of H, and that its direc-

tional derivative in the direction h € H is given by the (unique) solution Y}, to (4.3.2). It is

then clear that the map h — Y}, is linear. Let us prove that it is also continuous: in analogy to



Singular semilinear equations: long-time behaviour 95

computations already carried out above, the integration-by-parts formula yields

t

SO+ [ (A6 Yo ds = 1017 + [0/ (X7 ()Y (). Vi) s,

from which one infers

t
HY}LHZ([OJ};H) + HY}LHiz(O,t;V) ’S ||h||2 +/O HYhHQC([O,S],H) dS,

hence also, by Gronwall’s inequality and elementary estimates,
Y2l S 112]l-

It is important to note that this inequality holds P-a.s. with a non-random implicit constant
that depends only on T and on the Lipschitz constant of g, but not on the initial datum =x.
From this it follows that

HYh VP Z 07

||LP(Q;E) S llh

hence, in particular, that i — Y} is the Gateaux derivative of x — X*. Setting Y* := h — Y},

we are going to prove that the map

H — Z(H,L*(Q;E))

rz—Y?®

is continuous. This implies, by a well-known criterion (see, e.g., [3, Theorem 1.9]), that z — X~
is Fréchet differentiable with Fréchet derivative (necessarily) equal to Y*. Let (z,) C H be a
sequence converging to x in H, and write for simplicity X" := X®~, YY" =YY"~ X := X7* and
Y := Y7, with a subscript h to denote their action on a fixed element h € H. One has

t
o / A (S) = Vi) ds =0 =+ [ (f(XDY =g (X)) () s,
0
for which the integration-by-parts formula yields

Sy i)

+C i [V (s) — Ya(s)||5, ds
t

e — ] + / (g (XY — g/ (X)Y3, Y — Y3 )(s) ds,
0

where

(9 (XY = g'(X)Yh, Yy = Ya) = (¢'(Xn) (Y} = V), ¥y — Ya)
+{(¢'(X") = g (X))Y0, Y}" = Ya),

so that, by elementary estimates,
V() - Y| + 20/ [¥i(s) = Yi(s)|2 ds
t
< HJCn — x”z + (2”9”001 + 1) A HYh"(s) — Yh(s)”2 ds

4 / (' (X7 (5)) — ¢/ (X (5))) Yi(s)|| ds.
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Taking the supremum in time, Gronwall’s inequality implies
1% = Yill S o — 2l + [0/ (X™) — o/ XDYill oo oy

where the implicit constant depends on C, T' and on the Lipschitz constant of g. Furthermore,
since, as observed above, h — Y}, is a linear bounded map from H to C([0,7T]; H) P-a.s. with

non-random operator norm, i.e.

sup HYhHC(O,T];H) St L,
llAll<1

one has

B s (6" (X") = 9 Ol 2o iy S Bl K™ =o' Ollego mmy

and the last term converges to zero as n — oo by the dominated convergence theorem, because
X" — X in L*(Q;C([0,T); H)) and g € C? (in particular, ¢’ is Lipschitz-continuous). It
immediately follows that x — Y? is a continuous map on H with values in .Z(H,L?(Q; E)).
Furthermore, since we have shown that [|Y)"||;, .z < [kl for all p > 0 with a constant
independent of z, we conclude that x — X? is of class C} from H to L*(Q; E). O

To establish the second-order Fréchet differentiability of x — X™, it is convenient to consider
the equation
Z]/’Lk‘ + AZy, = g/(X)th -+ g//(X)YhYk, th(()) =0, (433)

where h,k € H and Y}, Y are the solutions to (4.3.2) with initial conditions h and k, respec-
tively. This is manifestly the equation formally satisfied by the second-order Fréchet derivative
of z — X7 evaluated at (h, k).

In order to prove that (4.3.3) is well-posed, we need the following lemma, which is probably
well known, but for which we could not find a reference, except for the classical case where
f e L*0,T; V") (see, e.g., [50]).

Lemma 4.3.5. Let yo € H, f € L*(0,T;H), and £ € L*((0,T) x D). Then there exists a
unique
y € C([0,T]; H) N L*(0, T V)

such that
y(t) —|—/0 Ay(s) ds = yo —|—/O L(s)y(s) ds —I—/O f(s)ds vt € [0,T].
Moreover, one has, for every t € [0,T],
1 t 1 t t
SO + [ o) v)das = glul* + [ [ e Pas+ [ (.00 as

Proof. Let (f,) be a sequence in L?(0,T; H) such that f, — f in L'(0,T; H) as n — co. By
the variational theory of deterministic equations, for every n € N there exists a unique

yn € HY(0,T; V)N L*(0,T;V) — C([0,T]; H)
such that

yn(t) + Ayn(t) = L(t)yn(t) + fn(t) in V' for ae. te(0,7T), yn(0) = yo.
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Therefore, for every n, m € N, the integration-by-parts formula and an easy computation show
that

lyn (£) = ym (8)|* + 2C /Otllyn(S) — ym(s)|[} ds
<2l oy | Ions) = un(s)17 s
£2 [ 0(6) ~ fnl61,30(5) — ym (61
’ t
< 2l oy | W) = v (9] s
+ 2lyn — Ymllcqo,05m | fn = Fmll 1 0,7
for every t € [0,T]. By the Young inequality we infer then that, for every € > 0,
lym = v llexqt0,7:0) + 190 = Umll720 417
Sellyn — ym||2C'([0,t];H) + 4*15||fn - fm”il(O,T;H) + /Ot||yn - ymHQC([o,s];H) ds
for every t € [0, T], from which, thanks to Gronwall’s inequality,
[Yn — ym”C([O,T];H)ﬁL?(O,T;V) S e — fanl(O,T;H)'
We deduce that there exists y € C([0,T]; H) N L?(0,T; V) such that
Yo —y  in C([0,T]; H)NL*(0,T;V).

It clear follows from y € L2(0,T;V) and A € £(V,V’) that Ay € L*(0,T; V') and Ay, — Ay

in L2(0,T;V’) as n — oo. Moreover, we also have that
1 N ¢
Sl 1 + [ (A5 (5) s

1 9 t ) t
=3l + [ [ R s+ [ o)) s

for all ¢ € [0,7]. Hence the last assertion follows letting n — oco. The uniqueness of y is a

consequence of the monotonicity of A. O

In order to prove second-order Fréchet differentiability of the solution map = — X* we need
to make the further assumption that V is continuously embedded in L*(D). This is satisfied,
for instance, if V = HJ and d < 4. In fact, by the Sobolev embedding theorem, Hj < L?",

where

N =
SHE

2*
for d > 3 and 2* = 400 otherwise.
We proceed as follows: first we establish well-posedness for equation (4.3.3), and then we

show that its unique solution identifies D?X.

Proposition 4.3.6. Assume that V is continuously embedded in L*(D). Then equation (4.3.3)

admits a unique variational solution Zyy, for any h, h € H. Moreover, the map

Z*:H x H — L*(Q, E), (h, k) — Z§
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18 bilinear and continuous for any x € H, and there exists a positive constant M > 0 such that
12°0 zy(m,L2( )y <M Vo € H.
Proof. Holder’s inequality and the boundedness of g” yield
19" (X)YnYell < llg"llcoa IVl pa o) Vel ooy S ¥Rl Y]l
so that ¢”(X)Y,Yy € L1(0,T; H) since Yy, Yy € L?(0,T;V). Hence, Lemma 4.3.5 implies that

there is a unique
Zn, € C([0,T); HYNL*(0,T; V)

such that, for every ¢ € [0, T,

th(t) + /0 Ath(S) ds = ‘/0 gl(X(S))th(S) ds + A g”(X(s))Yh(s)Yk(s) ds.

Let us show that (h,k) — Zp is a continuous bilinear map. The bilinearity is clear from

equation (4.3.3). Moreover, testing by Z, and using the coercivity of A we have that

t
| Zuk (D)% + / | Znk ()12 ds
t 9 t
< gl / 1Zu ()1 ds + gl / 1Y () ¥ ()] ds
t
2
< llglls / 1Znt ()1 ds + gl e 1Yol 2 0.y ¥l 0.

t
2
<r lglley / 1Z1i ()1 ds + llglcz 1 1

and Gronwall’s inequality yields

1 Zikll 200073 nL2 020,75y S IRIIEN VA, k2 € H,

from which the last assertion follows. O

Theorem 4.3.7. Assume that V is continuously embedded in L*(D). Then the solution map
x + X% is of class C} from H to L*(Q; E).

Proof. We are going to prove first that the Fréchet derivative of the solution map is Gateaux-
differentiable, with Gateaux derivative equal to Z% := (h, k) — Z7,, then we shall then show
that x — Z% is continuous and bounded as a map from H to % (H; L*(Q; E)).

Step 1. Let € H be arbitrary but fixed, and consider the family of maps 2° € % (H; L*(Q; E)),
indexed by € € R, defined as

1> 1> 1 x xr xr
2 (h k) — 2y = - (Yotek — ) -z,

Elementary manipulations based on the equations satisfied by Y* and Z® show that

¢
z,ik(t)—k/ Azf(s)ds
0

_ /O (g/(XE)Yheg— g/(X)Yh B gI(X)th . g//(X)YhYk) (s) ds,
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where the integrand on the right-hand side can be written as R. + S., with

Ro_ (QI(XS) - g'(X)
¢ €
Ye - Y,
€

- g//(X)Yk)Yha
S. = (g/(x9) ~9'(X) 2.

Further algebraic manipulations show that R. = R. + R and S, = S. + S, where

"X Y.) — ¢ (X
Rla — (g( +eé ;) g'(X) —g”(X)Yk)Yh,
R/E/ _ g/(XE) _ g/(X + f;‘Yk)Yh7
3
St = g'(X) 25,
Yi— Y

S 1= (9(X7) = g/ (X)) 2=

The integration-by-parts formula and obvious estimates yield

1 2 ! 2
SIA0I° +C [ 1} ds
0
t ) t
<lallens [ Naiuloly ds+ [ (R + 820000 s
Taking the supremum on both sides, one is left with, thanks to Young’s inequality,

2 2
12hkllco.g:eny + 2Rkl 22(0,6v)
2 K 2 1 2
€ (> 11
S 0llzhellco,:m) + /o I2hillcjo,s); 1) 4 + g”Rs + ST 0,50
for all § > 0, from which it follows, taking ¢ sufficiently small and applying Gronwall’s inequality,
E| 25kl S BIIR:I7 +E|SY|I7
rEllE ~ ellL1(0,1;H) ellLico,1;H)

We are going to show that the right-hand side tends to zero as ¢ — 0. Since g € C’g, it is
evident that R, — 0 almost everywhere as ¢ — 0 as well as that

|RL| < 2[g" || oo | YeYal-
Since

sup ||YhYk||L1(o,T;H) < sup HYhHL?(O,T;V)||Yk||L2(O,T;V) S sup [[AfllIE] < [k,
IAlI<1 IplI<1 IAlI<1

the dominated convergence theorem yields

2
li E| R =0.
fimy sup, [
Moreover, we have
XerEk _X=
R < 1

so that

- ka ”th”Lz(O,T;V)a

'Xa:+alc _ X
€ L2(0,T;V)

wuwxms\
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where ||Yy¥[| 120 7.1y < [|h]l, hence, by Theorem 4.3.4,

X:z:+5k _ X" 2
2
sup EHRIE/HU(O,T;H) < EH — Y7 —0
<1 € L2(0,T;V)
Finally, from
Xa:+5k _ X
21 < g s i i
we deduce ek
Xz+ek _ x=
+ek
AP e AR .
L2(0,T;V)

Since (X*t% — X*)/e - V¥ in E as € — 0 and z — Y;? is continuous from H to E, we infer

that [[SZ[l 11 o,7,pr) — 0. Moreover, it follows from

kv
|’Yif+s o YhTHL2(O,T;V) < 2||A|
that yetek _ ye
wup 19y < [
Hh||g1H el e L2(0,73V)

Recalling that, by Theorem 4.3.4, (X*+<¥ — X?)/e — V¥ in L*(Q; E) as ¢ — 0, this implies

. 2 _
lim ”ilulglEHSs HLl(o,T;H) =0.
We thus conclude that
lim sup ||z7 .=0 Vk € H,
iy sup 52,1

i.e. the directional derivative of z + Y? : H — Z(H, L?(Q; E)) exists for all directions and
is given by the map x — Z% : H — % (H; L*(; E)). Since we have already proved that
(h,k) — ZF, is bilinear and continuous, we infer that « — Y7 is Gateaux differentiable with

derivative Z*.

Step 2. In order to conclude that x — Y® is Fréchet differentiable (with derivative necessarily

equal to Z) it is enough to show, in view of a criterion already mentioned, that the map

T — Z°
H — % (H; L*(O; F))

is continuous. Let (z,), C H be a sequence converging to x in H. We have, writing Z™ in

place of Z®~ for simplicity,
(Zik — Zni) + A Ziy — Zn) = 9/ (X™) Z — 9/ (X) Zi + g7 (XYY — g7 (X) Y3V,

with initial condition Z}, (0) — Z»x(0) = 0. The right-hand side of the equation can be written
as R=),, I, with

Ry = ¢ (X")(Ziy, — Zni), Ry = (¢'(X") = ¢'(X)) Znk,
Ry := g"(X™) (YY" — Y3 Ya), Ry = (9"(X") — ¢"(X))Yn Y,
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so that, by the integration-by-parts formula,

1 t t
S1Z00) = Zu O +C [ 1Z0() = Zu) ds < [ (R 23— Zua)(s) s

where . .
/ (R1, Zpy, — Zpk)(s) ds < ||g’lloo/ 1Z7k(5) = Zni ()] ds,
0 0

and, for 7 # 1, by Young’s inequality,

t
/0 (Ri, Zi — Zni)(s) ds < || Z, — thHC([o,t];H)HRZ’HLl(o,t;H)
" 2 1 2
= 5”th - thHC([O,t];H) + S||Ri||L1(O,t;H)'
By an argument based on the Gronwall’s inequality already used several times we obtain

128 = Zuill < [ Ro + Rs o+ Rall s g oy

where | Ra|| < ||g” || o [[(X™ — X)Zpi|| and, by the bilinearity of Z,

lex - x ) S X=X

(0,T;V) Hth HLZ(O,T;V)
|AI[I%]],

)thHLl(o,T;H

S HXn - X”L?(O,T;V)l

from which it follows

n 2 n
\|h||s,hll~£)|\§lE||(X - X)thHLl(o,T;H) < HX - XHL?(Q;L?(O,T;V)) —0

because z — X7 is continuous from H to L?(Q; E). Moreover, since ||Rs|| < ||¢”||||Y;"Y" —
Y3, Yz ||, we have, recalling that V < L4,

(1 S )1

HLl(o,T;H) Yh”L?(o,T;V HL?(O,T;V)

+{V = YkHL2(0,T;v) HYhnHH(O,T;V)’

where both terms on the right-hand side tend to zero because Y;' — Y}, in L2(0,T;V) for all
h € H. The estimate

Yy - iy < Inlk]

HL1(07T;H

then implies, by the dominated convergence theorem,

sup IEHR3

MRS sup B[y - Vi Yy

IRl I1RI<1

0.

2 2
||L1(0,T;H) < HLl(o,T;H) -

It remains to consider Ry: it is clear that (¢”(X™) — ¢ (X))YnYr — 0 almost everywhere by

the continuity of ¢”, and, as before,

(9" (X™) = " CONYRYel 11 .y S 19" s IR INIE,
hence the dominated convergence theorem yields

sup ]EHR4H2L1 0.

%
T:H
ANES! (0.T:H)
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We have thus proved that, as n — oo,

||Z"—Z sup ||Z}fk— — 0.

th”
L2(QLE
INTIES! (%5)

Recalling that x — Z% is bounded on H, we conclude that x — X7 is twice Fréchet-differentiable

with continuous and bounded derivatives. O

4.4 Invariant measures

Throughout this section, we consider equation (4.1.1) with Xo € H. Since all coefficients do not
depend explicitly on w € Q, it follows by a standard argument that the solution X to (4.1.1) is
Markovian. Let P = (P;);>0 be the transition semigroup defined by

(Prp)(z) :=E@(X*(t)) Ve € H, ¢ € Cy(H).
We shall assume from now on that the pair (A, B) satisfies the coercivity condition

(Az,x) > ||B( )||§£2(U,H) +Cllzlly, —Co  Vz eV, (4.4.4)
with Cy > 0 a constant.

Theorem 4.4.1. The set of invariant measures for the transition semigroup (Py); is not empty.

Proof. Let (X,£) be the unique strong solution to (4.1.1). For every t > 0 one has, by Propo-
sition 4.3.1,

SO+ [axe.xenas+ [ [ o)
:%”x”u%/o HB(X(S))H;Q(MH) ds+/0 X (s)B(X (s)) dW (s).

Let us show that the stochastic integral M := X B(X)-W on the right-hand side of this identity
is a martingale. For this it suffices to show that E[M, M]IT/2 is finite: one has, by the ideal
property of Hilbert-Schmidt operators and the Cauchy-Schwarz inequality,

T 1/2
E[M, M]3/* = E(/ 1XBOO|| e 2 ds>
’ T 1/2
< BN g [ 1By )

1/2 T 1/2
< EIX o) (E [ 1B e 05)

where the last term is finite thanks to Theorem 4.2.1 and the assumption of linear growth on
B. Therefore, recalling that, for any r,s € R, j(r) + j*(s) = rs if and only if s € 3(r), one has,

taking the coercivity condition (4.4.4) into account,

CIE/HX ||Vds+E// ds—HE// ds<f||x|| + Ot (445)

for all ¢ > 0. Let © = 0. For any t > 0 the law of the random variable X (¢) is a probability

measure on H, which we shall denote by m;. We are now going to show that the family of
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measures (pt)r~o on H defined by

1 t
ut:Er—>¥/ﬂ's(E ds
0

is tight. The ball B,, in V of radius n € N is a compact subset of H, because the embedding
V < H is compact. Moreover, Markov’s inequality and (4.4.5) yield

1 [t 1 [t
p(BY) = 5 / m(Bds = [ BXEI > n) ds

1 2 1 CO

hence also

Co
su B¢ <——>O as n — 0o.
t>gﬂt( WS G

It follows by Prokhorov’s theorem that there exists a probability measure y on H and a sequence
(tr)ken increasing to infinity such that p, converges to u in the topology o(#1(H),Cy(H)) as
k — oo. Furthermore, p is an invariant measure for the transition semigroup P, thanks to the

Krylov-Bogoliubov theorem. O

We are now going to prove integrability properties of all invariant measures, which in turn

provide information on their support. We start with a (relatively) simple yet crucial estimate.

Proposition 4.4.2. Let p be an invariant measure for the transition semigroup (P;). Then

/ |2 p(da) < CO

where K is the norm of the embedding V — H.

one has

Proof. We are going to apply the It6 formula of Proposition 4.3.2 to the process X and the
function G5 : z — g(;(||x\|2), where g5 € CZ(Ry) is defined as

gs(r) = , §>0,

so that

whence
s (IXOI%) +2 [ g5 (IX(6)1P) (AX(3) X (0) + (€(5). X)) s
=2 [ XX B ) oz
= as(la1) +2 | (IX()IP)X (9B () W (o)

[ X BN
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Since g5 > 0 and g§ < 0, the coercivity condition (4.4.4) and the monotonicity of 5 imply

as (IX 1) +2 / G (IXIP) (CIX () - Co) ds
< gs(l]?) +2 / ab (1X(5)[2) X () B(X (s)) dW (s).

Taking into account that |g5| < 1, the stochastic integral is a martingale, exactly as in the proof

of Theorem 4.4.1, hence has expectation zero, so that
! 2 2
EGS(X(1) +2CE [ gh(IX()]*)IXG)} ds < Gs(a) + 201,
0

By definition of (P;) we have P.Gs(z) = EGs(X(t)), from which it follows, by the boundedness

of G5 and by definition of invariant measure,

c /H E / b (1XSIP)I1X ()3 ds p(dz) < Cot.

Denoting the norm of the embedding V' — H by K, we get

2
// ”X ” dsduSKCCOt.
(1+61x(s)]*)

Let f5: 7+ r/(1+6r)% 6> 0, and Fs := f5o |-||>. Then

1X(s)]1”

W _ pRy
Q+axeP)°

hence, by Tonelli’s theorem and invariance of p,

t 2
// X dp:/ / Pngduds:t/ Fsdp < KCo,
(L+8]X(s)| ) o JH H ¢

Taking the limit as 6 — 0, the monotone convergence theorem yields

/ el u(de) < CO O

In order to state the next integrability results for invariant measures, we need to define the

following subsets of H:

J:={ueH:j(u)eL'D)},
J*:={ueH:3ve L' (D):veBu) ae in D and j*(v) € L'(D)},

whose Borel measurability will be proved in Lemma 4.4.4 below.

Theorem 4.4.3. Let p be an invariant measure for the transition semigroup P. Then one has

el pldu) + J(w) p(du) + 5 (8°(w)) pldu) < === + Co,
Ji JJyman ], 5

where K is the norm of the embedding V — H. In particular, p is concentrated on VN JNJ*.
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Proof. Let us introduce the functions ®, ¥, ¥, : H — Ry U {400} defined as
D:ur— ||u\|%/lv(u) +00 - Ig\v(u),
U:ur— (/ j(u))lJ(u) 400 - 1\ 5 (),
D
U (/ 5 (8°()) ) - () + 00 - Ligy - (u),
D

as well as their approximations ®,, ¥,,, U,,, : H = R U{+00}, n € N, defined as (here B, (V)
denotes the ball of radius n in V')

o lul}, i u € Bu(V),
not U
n? if ue H\ Bp(V),

ij(u) if ij(u)<n

n otherwise,

v, u+—

and

n otherwise.

1
/(I)ndu:// D, du ds,
H 0JH

as well as, by invariance of p and boundedness of ®,,,

H H

thus also, by Tonelli’s theorem (®,, > 0 and P is positivity preserving, being Markovian)

/<IJ dp = //PCI) dudsf// Ed,( )) dsdp.

The same reasoning also yields

/\II dp = // Ev, ) ds dy, /\I/*ndu // EU,,(X(s))dsdpu,

Uen i u

One obviously has

with

where, in the last inequality, we have used the fact that for every r € D(5) = R the sequence
{Bx(r)}x converges from below to 3°(r), where 8°(r) is the unique element in 3(r) such that
|8%(r)| < |y| for every y € B(r) (note that the uniqueness of 3°(r) follows from the maximal
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monotonicity of 8). Thanks to estimate (4.4.5) we have, by Tonelli’s theorem,

1
C/o (E &, (X (s)) + EW, (X (5)) + E W, (X(s))) ds

<o [Ix@IRas+ [ [ soxenas e [ [ e

< S ll2l* + Co,

N =

therefore, integrating with respect to p and taking the previous proposition into account,

K?2Cy

50 +Cy

1
/ (C®, + W), + Uy, dp < f/ l]|? p(dz) + Coy <
H 2 Ju

uniformly with respect to n. Since ®, and ¥, converge pointwise and monotonically from

below to @ and W, respectively, the monotone convergence theorem yields

Co(K2+20) CO(K2+20)
< —= < =

hence, in particular, u(V) = p(J) = 1. Similarly, note that 3,,, € 8((I + (1/n)3)™") and 0 €
B(0) imply that |3 ,,| converges pointwise to |5°| monotonically from below as n — oo, hence
the same holds for the convergence of j*(81/,) to j*(8°) because j* is convex and continuous
with j*(0) = 0. Therefore ¥,,, converges to ¥ pointwise monotonically from below as n — co.
We conclude, again by the monotone convergence theorem, that ¥, € L'(H, i), thus also that
p(J*) = 1. O

As mentioned above, the sets J and J* are Borel measurable.

Lemma 4.4.4. The sets

J = {u €H:ju)e LI(D)}’
J*:={ue€H:3veL"(D):vepB(u) ae in D and j*(v) € L' (D)},

belong to the Borel o-algebra of H.

Proof. Setting, for every n € N,

Jn::{uEH:/Dj(u)Sn},

Jr={u€H:3ve L' (D):vepB(u)ae in D and / J*(v) < n},
D

it is immediately seen that

J:GJn and J*:GJZ.
n=1 n=1

Moreover, the lower semicontinuity of convex integrals implies that J,, is closed in H for every
n, hence Borel-measurable, so that J € #(H). Let us show that, similarly, J; is also closed in
H for every n € N: if (ug) C J* and u, — u in H, then for every k there exists vy € L1(D)
with v € S(uy) and

/ J (k) <n Vk € N.
D
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Since j* is superlinear at infinity, this implies that the family (vy) is uniformly integrable in D,
hence by the Dunford-Pettis theorem also weakly relatively compact in L*(D). Consequently,
there is a subsequence (vg,); and v € L'(D) such that vy, — v weakly in L'(D). The weak

lower semicontinuity of convex integrals easily implies that

/D]()<hg£f/[) *(vg,) < .

Let us show that v € B(u) almost everywhere in D: by definition of subdifferential, for every
k € N and for every measurable set £ C D we have

/Ej(uk)—F/Evk(z—uk)S/Ej(z) Vz € L™(D).

By Egorov’s theorem, for any € > 0 there exists a measurable set E. C D with |E¢| < € and
ur — w uniformly in F.. Taking E' = E. in the last inequality, letting k — oo we get

/Iﬂgj(U)+/13 v(z—u)</EEj(z) Vz € L=(D),

€

which in turn implies by a classical localization argument that
Jjw)+v(z—u) <j(z) ae. in E, Vz e R.
Hence, by the arbitrariness of &, v € f(u) almost everywhere in D, thus also v € J*. This
implies that J is closed in H for every n, therefore also that J* € #(H). O
The estimates proved above implies that the set of ergodic invariant measures is not empty.
Theorem 4.4.5. There exists an ergodic invariant measure for the transition semigroup (Py).

Proof. Recall that, as it follows by the Krein-Milman theorem, for a Markovian transition
semigroup the set of ergodic invariant measures coincides with the extreme points of the set of
all invariant measures (see, e.g., [2, Thm. 19.25]). Let .# be the set of all invariant measures
for P: by Theorem 4.4.1, we know that .# is not empty and we need to show that .# admits at
least an extreme point. Let us prove that .# is tight. By Theorem 4.4.3, we know that there

exists a constant N such that
2
[ el i) <8 vpe s
H

Therefore, using the notation of the proof of Theorem 4.4.1, by Markov inequality

sup (B5) = sup ({x € B+ ol > ) < g sup [ felfuao) < 5 0
He
as n — 0o. Hence .# is tight, and thus admits extreme points. O

Under a very mild growth condition on the drift one can also obtain uniqueness.

Theorem 4.4.6. If (3 is superlinear, i.e. if there exists ¢ > 0 and § > 0 such that
(1 — g2) (1 — w2) > oy — 2™ V(wi,y) €8, i=1,2,

then there exists a unique invariant measure u for the transition semigroup P. Moreover, y is

strongly mixing.
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Proof. For any x,y € H, by It6’s formula, the monotonicity of A, the superlinearity of 8, and

Jensen inequality we have

R 2\ 143 2
BIX(50.0) - X(50.)I +¢ [ (BIX(60.0) - X@0.9)?) <oy
0

for a positive constant ¢. Denoting by y(+;yo) the solution to the Cauchy problem

[VI5

Y +y'TE=0,  y(0) =y >0,
one can easily check that

c(t) := sup y(t;90) = 0 ast — o0
Y0=>0

and that ¢(t) > 0 for every ¢t > 0. We deduce that
E||X (£0,2) — X(;0,9)|> < c(t) vVt >o.

Let p be an invariant measure for P. For any ¢ € C}(H) we have

2

a@u>—%;mwuww

gwm;LEMmaw—XmamwM@>
< | D))

uniformly in z, and since C} (H) is dense in L?(H, p1), we deduce that for any x € H

2
—0

aﬂm—ﬁwwwm

as t — oo for every ¢ € L*(H,u). We have thus shown that P admits a unique invariant

measure, which is strongly mixing as well. O

4.5 The Kolmogorov equation

Throughout this section we shall assume that 3 is a function, rather than just a graph.

Let P = (P;)>0 be the Markovian semigroup on B,(H) generated by the unique solution
to (4.1.1), as in the previous section, and p be an invariant measure for P. Then P extends
to a strongly continuous linear semigroup of contractions on LP(H, p) for every p > 1. These
extensions will all be denoted by the same symbol. Let —L be the infinitesimal generator in
LY(H, 1) of P, and —Lq be Kolmogorov operator formally associated to (4.1.1), i.e.

[Lofl(x) = —% Tr(D? f(2)B(2)B* (2)) + (Aw, Df (2)) + (B(x), Df (),

for x € V. N J*, where f belongs to a class of sufficiently regular functions introduced below.
Our aim is to characterize the “abstract” operator L as the closure of the “concrete” operator
Ly. Even though this will be achieved only in the case of additive noise, some intermediate
results will be proved in the more general case of multiplicative noise.

Let us first show that Ly is a proper linear (unbounded) operator on L*(H, u) with domain

D(Lo) :=={f:V=R: feCy(V)NC(H)NCy(L"(D))}.
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Here f € C} (V') means that, for any € V and o' € V', |[Df(z)v'| < N|v'||y,, with the
constant N independent of z and v’, and that x — Df(z) € C(V',V). Analogously, f €
C}(LY(D)) means that, for any z € V and k € L*(D), there is a constant N independent
of z and k such that [Df(z)k| < N||k||;:p) and 2 — Df(z) € C(LY(D),L*>(D)). For any

fe CE (H), one has, recalling the linear growth condition on B,
* 2 2
Tr(D?f(2)B(x)B*(2)) S 1B(2) 2y S 1+ Izl

and ||-|* € L*(H, j1). Moreover, since A € Z(V, V'), one has | Az, < |||y, so that, for any
feciv,
[(Az, Df(2))] < [ Az], 5161‘13||Df(9€)||v S l=lly
x

hence z — (Ax, Df(z)) € L'(H, 1) because |||} € L*(H, ). Similarly, writing
[(8), DIGN] < |3 B 2 ) + [1HPF @) )

and recalling that « — |7*(8(z))| 11 (p) € LY(H, p) by Theorem 4.4.3, it is enough to consider
the second term on the right-hand side: for any f € C{ (L' (D)), sup,cv || D f(z) | () 1s finite,
hence, recalling that j € C(R), we infer that j(D f(z)) is bounded pointwise in D, thus also in
LY(D), uniformly over z € V. In particular, we have that x 13D f (@) 11 (py € LY(H, ).

Let us now show that the infinitesimal generator — L restricted to D(Lg) coincides with the

operator —Lg defined above. Indeed, by Proposition 4.3.3, for every g € D(Ly) we have

g(X* (1)) + / (AX*(s), Dg(X*(s)) ds + / (B(X"(s)), Dg(X*(s)) ds
= 4= / Te[B* (X% (5)) D%g(X*(3)) B(X*(5))] ds
/ Dy(X*(5))B(X(s)) AWV (s),

from which we infer, taking expectations and applying Fubini’s theorem,

L:—f/PLog ds VYzeVnJr

Since g € D(Lg), we have that Log € L*(H, i), as proved above. Therefore, recalling that P is
strongly continuous on L'(H, ), we have that t — P;Lgg is continuous from [0, 7] to L*(H, p).
Hence, letting ¢ — 0, we have

Pg—g

— —Log  in L'(H,p),

which implies that L = Ly on D(Ly).

We are now going to construct a regularization of the operator Ly. For any A € (0,1), let

Br:R =R, Bri=~T—-(T+A3)7),

> =

be the Yosida approximation of 8. Denoting a sequence of mollifiers on R by (p,,), the function

Bxn = Bx * pn is monotone and infinitely differentiable with all derivatives bounded. Let us
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consider the regularized equation
dX)\n +AX)\n dt-‘rﬁ)\n(X)\n) dt = B(X)\n) dW(t), X,\n(O) = XT. (456)

Since Sy, is Lipschitz-continuous, equation (4.5.6) admits a unique strong (variational) solution
X3¢ € L*(Q; E), where, as before, E := C([0,T]; H) N L*(0,T; V). Furthermore, the generator
of the transition semigroup P** = (P);>¢ on By(H) defined by P} f(x) := E f(X%,(t)),
restricted to CL(V') N CE(H), is given by —L{", where

[L3" f)(x) = —% Tr(D?f(2)B(x)B* () + (Az, Df(2)) + (Brn(2), Df(2)), x€V.

This follows arguing as in the case of Ly (even using the simpler 1t6 formula of Proposition 4.3.2,

rather than the one of Proposition 4.3.3).

Let us now consider the stationary Kolmogorov equation
av + L)" =g, g € D(Lg), a>0. (4.5.7)

In view of the well-known relation between (Markovian) resolvents and transition semigroups,

one is led to considering the function
o) = [ e (X5, (0) .
0

which is the natural candidate to solve (4.5.7). If we show that vy, € C{(V')NCZ(H), then an
application of Itd’s formula (in the version of Proposition 4.3.2) shows that indeed vy, solves
(4.5.7). We are going to obtain regularity properties of vy, via pathwise differentiability of the
solution map = — X, of the regularized stochastic equation (4.5.6). From now on we shall
restrict our considerations to the case of additive noise, i.e. we assume that B € Z?(U, H)
is non-random. Moreover, we shall assume that V is continuously embedded in L*(D). The
latter assumption is needed to apply the second-order differentiability results of §4.3.2. We
recall that, thanks to Theorems 4.3.4 and 4.3.7, the solution map = + Xy, : H — L?(Q; E) is
Lipschitz continuous and twice Fréchet differentiable. Moreover, denoting its first order Fréchet
differential by
DXy, : H— Z(H,L*(; E)),

for any h € H the process Y}, := (DX, )h € L?(Q; E) satisfies the linear deterministic equation

with random coefficients
Y (t) + AY3 () + B, (X (8)Yi(t) = 0, Y4(0) = h. (4.5.8)
Similarly, denoting the second order Fréchet differential of z — X, by
D*Xy, : H— %(H; L* (O E)),

for any h,k € H the process Zpy := D? X, (h,k) € L?(Q; E)) satisfies the linear deterministic

equation with random coefficients
Zo(8) + AZpie(t) + B (Xan (8)) Zni (t) + B (Xan (8)) Y () Y5(t) = 0, Zpi(0) = 0. (4.5.9)

We shall need the following result on the connection between variational and mild solutions
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in the deterministic setting. We recall that A; denotes the part of A on H.

Lemma 4.5.1. Let F : [0,T)x H — H be Lipschitz continuous in the second variable, uniformly
with respect to the first, with F(-,0) = 0, and ug € H. If u € C([0,T]; H) N L*(0,T;V) and
v € C([0,T]; H) are the (unique) variational and mild solution to the problems

u 4+ Au= F(-,u), u(0)= uo, and v+ Asv = F(-,v), v(0) = ug,
respectively, then u = v.

Proof. Let us first assume that u' + Au = f and v’ + Ayv = f, where f € L?(0,T; H). Then

we have
u(t) + /Au(>ds—uo+/f

v(t) uo—l—/St—s

for all t € [0, T], where S is the the semigroup generated on H by —A,. Let us show that u = v.
For m € N, applying (I + €A3)™™ to the second equation we have (with obvious meaning of
notation)

v+ Agve = fe, 0:(0) = ug

in the strong sense, since v. € C([0,T]; D(A%")). In particular, v, is also a variational solution
of the equation
vl + Ave = fo, ve(0) = ug.

By construction we have that v. — v in C([0,T]; H); moreover, since f. — f in L?(0,T; H)
and uj — wo in H, arguing as in the proof of Lemma 4.3.5 we have also that v. — v in
C([0,T); H) N L?*(0,T;V). Since mild and variational solutions are unique, we conclude that
u = v. We shall now extend this argument to the case where u and v are the unique variational

and mild solutions to the equations
u + Au = F(-,u), v+ Agv = F(,v), u(0) = v(0) = ug,

respectively. Setting f := F(-,v), thanks to the assumptions on F' we have that f € L?(0,T; H),
hence v is a mild solution to v’ + Asv = f, v(0) = ug. It then follows by the previous argument

that v is also the unique variational solution to v’ + Av = f, v(0) = ug. Therefore
u + Au = F(-,u), v+ Av = F(-,v), u(0) = v(0) = ug

in the variational sense. Using the integration-by-parts formula, the Lipschitz continuity of F,

and Gronwall’s inequality, it is then a standard matter to show that v = v. O

The following estimates are crucial.
Proposition 4.5.2. One has, for every x,h,k € H andt > 0,
1Y looannz oy S Il

1 Zik e o,y nz2 0,6v) Sam IRATELL

1Yi leqo:: o)y < Il pacpy-
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Regarding A as an unbounded operator on V', assume that there exists 6 € (0,1) and n > 0
such that H = D((nI + A)?). Then

1Y@l < AV E2) Al

Proof. Let ' C Q with P(€') = 1 be such that (4.5.8) holds true for all ¢ € [0,7] and all
we Q. Let w e Q be fixed. Recalling that A is coercive and that 5}, is positive because Sy,

is increasing, taking the scalar product with Y (¢) in (4.5.8) and integrating in time yields

t
Live@lP + o [ 1ve@I2 ds < L2
2 ) 2

for all ¢t € [0,T7], and the first estimate is thus proved. The second estimate follows directly
from Proposition 4.3.7. Furthermore, denoting the Yosida approximation of the part of A in H
by Ac, let Y= € C([0,T]; H) be the unique strong solution to the equation

Yi{s (t) + AcYne(t) + ﬁé\n (Xan (1) Yne(t) =0, Yhe(0) = h.
Let (ok) be a sequence of smooth increasing functions approximating pointwise the (maximal

monotone) signum graph, and g be the primitive of o with 0%(0) = 0. Taking the scalar

product of the previous equation with o4 (Y;%) and integrating in time we get, for every ¢ > 0,

[ oo+ [ (AXie o) ds
D 0
+Amemmmmwmm@@sL@w.

Since, as k — 00, o1 (YZ.) converges a.e. to a measurable function w, € sgn(¥Y) and o0 — | - |,

letting kK — oo we get, for every ¢t > 0,

t
Y5l 2 () +/0 (AYy(s), we(s))) ds < ||hllprpy — VE€[0,T].

Recalling that A extends to an m-accretive operator on L!(D), the second term on the left-
hand side is non-negative, and taking into account that ¥;% — Y;* in C([0,T]; H) as ¢ — 0,
the third inequality follows. Finally, since Y}, is the unique variational solution to (4.5.8), by

Lemma 4.5.1 we have that Y}, is also mild solution to the same equation, i.e.
t
Yii(t) = S(t)h — / S(t—s)B5,(X"(8)YF(s)ds vVt e [0,T], P-as.
0
Recall that — A generates an analytic semigroup on V' extending S, denoted by the same symbol.

Since H = D((nI + A)°), we have ||S(t)h|| < t=°||h||, for every t > 0. By the contractivity of

S in H we also have, for every t > 0,

t
1Y@l < 2kl + IIﬁ’mlloo/0 1Y57 ()| ds

from which Gronwall’s inequality implies

t
Y@< ekl + IIB’MHOO/O e [
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Therefore we have, for every t € [0, 1],

1
- § -0
YOI <tlnely, + IIﬂ&nHooe”B*""WIthw/O s " ds

_5 11+6 -9
:(t +1+5) Il < (14 ) Rl

as well as, for every t > 1,
Vi@l < 121 S 1°00Akly = 7]y,

which implies the last estimate. O

Lemma 4.5.3. Let « > 0 and g € CL(V') N CZ(H) N CH(LY(D)). For every n € N and
A € (0,1), the function vy, : H — R defined as

+oo
vfe) =B [ e g5, ()

belongs to D(Lg) and solves (4.5.7). Moreover, there exists a positive constant M, independent
of X\ and n, such that

”v)\n”C,}(H)mcg(Ll(D)) <M (4.5.10)
for alln € N and A € (0,1).
Proof. Since g € CL(H), for any h € H we have, by the first estimate of Proposition 4.5.2,

D (9(X3, (1)) h = Dg(X3,,(8)) DXZ, (1)h = Dg(X,,(£))Yy (1)

<Dl 1Y leo, sy < 1PN ey IR

hence, by the dominated convergence theorem, vy, € C}(H) and
+oo
Doy (2)h = IE/ e~ Dg(X¥, (t)Y;E(t) dt. (4.5.11)
0

The uniform boundedness of ||vy,|] cim) A and n follows directly from these computations.
Similarly, using the fact that g € CZ(H) and the second estimate of Proposition 4.5.2, we have,
for every k € H,

D(D(g(X5,,(t)h)k = D*g(X5, () (Y5 (1), Vi (8)) + Dg(X5, (1) Ziik (1)
< HngHC(H;gz(H;]R))HY}LIHC([O,T};H)”ka”C([O,T];H)

+ 1Dl m 1 Zikll oo, 7y 1)
S lgllezlIPAIE]],

hence, by the dominated convergence theorem, vy, € CZ(H) and
2 oo 2
D?0sn(w)(h, k) = E / e (D2g(XE,(0)YiE (DY (1) + Dg(X5,(0) Z5,(0)) dt.  (4.5.12)

Moreover, using the third estimate of Proposition 4.5.2 and the fact that g € C}(LY(D)), it
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follows by Holder’s inequality and (4.5.11) that

“+o0
Duyp(z)h < ]E/o e~ N Dgll (a0 (o) Y5 Ol 11y
1
< EHDQHC(H;LOO(D))||h\|L1(D)a

which implies that vy, € C}(L'(D)) and the estimate (4.5.10). Finally, by the last estimate of
Proposition 4.5.2 and the fact that g € C}(V’), we have

+oo
Duosi(ah < B [ Dl 1V 0l i
+oo 5
S gl bl [ Qv eDear
Since t + (1 V t~%)e~* belongs to L' (0, +00), we have
Doxn(2)h Sxn 10y,

thus also vy, € C(V').
Let us show now that vy, solves (4.5.7). Indeed, since g € CZ(H)NCE(V’), by 1t6’s formula

in the version of Proposition 4.3.2 we get

t

905 (0) + [ (AX7(5) DI (D) s + [ {Ban(X5(5): Da(XF(5))
0 0
—gla)+ 5 [ B (X5 () D29 (X5 () BOXE (5))] ds
+ [ Doz () B () W (5)
0

for every t > 0. Thanks to the boundedness of Dg, taking expectations and using Fubini’s

theorem we deduce that, for every a > 0 and = € V,

t t
B GG (1) + aB [ e g3 () ds— [ PILY () ds = o).
0 0

Since g € Cy(H), it is clear that, as ¢ — 400, the first and second term on the left-hand side

converge to zero and awvy,(x), respectively, hence, by difference, we deduce that

t “+o0
[ Rrsyrg — [ Pyt ds
0 0

Letting then t — +o0o we infer that

+oo
avxp(x) — / eiO‘tPt’\”LS‘"g(x) dt = g(z),
0
hence
V() — Ly oan(z) = g(x) Ve e V. O
Lemma 4.5.4. One has

lim lim || Lova, — L3" 0.

A—0n—o0 ’U)\nHLl(HvH) -
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Proof. By definition of Ly and L)", the claim amounts to showing that

lim Tim /HKBM(QC)—6(1;),Dv(x)>‘u(dx)—>0.

A—0n—o0

Since S, is Lipschitz-continuous with Lipschitz constant bounded by 1/A for every n € N, we

have

(@) ~ Ban @), Du())]| £ 5 el

so that, recalling that || € L?(H,p) and By, — B\ pointwise as n — oo, the dominated

convergence theorem yields

n—oo

i [ [(5s() = B (o) Do) () = 0.
H
Since Dy, (x) is bounded in L (D) uniformly over A, n and z by estimate (4.5.10), one has

|[(B(z) = Ba(x)) Du(z)| < [B(x) — Ba(x)],

hence

(B(x) = Br(x)) Dusn(x) = 0

in L°(D) as A — 0 for every € V. Recalling the definition of 7 in §4.2, we deduce that
§*(n|B(z)|) € L*(D). Appealing to Young’s inequality in the form

alb| < j(a) 4+ 57(|b]) Va,b € R,

we have

nlB(@)| +nlAa(x)| <25 (1) + 5 (B()]) + 57 (| Br(x)])

hence also, since j* is increasing on R and |8)| < |B],

|(B(z) = Bax)) Doan(z)| <5 (1) + 5" (nB(x))).

which belongs to L!(D) for every z € J*. Therefore, by the dominated convergence theorem,

lim (8(x) — fa(2), Do(x)) = 0

A—0

for every x € H N J*. Using again the uniform boundedness in L>°(D) of vy, (x) we also have

1(B(x) — Br(x), Doan(2))] < 1+ /D 7 @18@)]),

where the right-hand side belongs to L'(H, 1) by Theorem 4.4.3. A further application of the

dominated convergence theorem thus yields

iy [ |(8(2) = Bi(2). Doaa (@) () = 0. O
H

A—0

We are now in the position to state and prove the main result of this section, that gives a
positive answer to the problem of L'-uniqueness for the Kolmogorov operator Ly. The question
is whether the extension to L*(H, u) of the transition semigroup P, generated by the solution
to the stochastic equation (4.1.1), is the only strongly continuous semigroup on L'(H, ;1) whose

infinitesimal generator is an extension of the Kolmogorov operator L. Recall that, apart of the
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standing assumptions of §4.2, we are also assuming that 8 is a function, B is non-random and
does not depend on the unknown, V is continuously embedded in L*(D), and H is the domain
of a fractional power of (a shift of) A, seen as the negative generator of an analytic semigroup
inV'.

Theorem 4.5.5. The generator L of the extension to L'(H, i) of the transition semigroup P

is the closure of Lo in L*(H, u).

Proof. Since the extension of the transition semigroup P to L'(H, p) is contractive, it follows
by the Lumer-Phillips theorem that L is m-accretive. As L coincides with Ly on D(Lyg), this
implies that Lg is accretive in L'(H, u1), hence, in particular, closable. We are going to show
that the image of al + Ly is dense in L' (H, i) for all « > 0. Let f € L'(H, i) and ¢ > 0. Since
D(Lo) is dense in L'(H, u), there exists g € D(Lg) such that ||f — 9l 1 (1) < /2. Setting, for
any n € Nand X € (0,1),

(o) i= [ B X () .
if follows by Lemma 4.5.3 that vy, € D(L) and that
U () + L) oan () = g(x)
for every x € V.NJ N J*, hence also
xR () + Lovan () — g(x) = Lovan () — L van ().
Thanks to Lemma 4.5.4, there exist Ay > 0 and ng € N such that

| Lovagno — Lo°™ <e/2,

Uxono HL1 (H,p)

hence, setting ¢ := vx,n,,

g + Lo — fHLl(H”u) < [Jasp + Low — gHLl(H,;L) +|f _QHLI(H,;L) <€

As ¢ > 0 was arbitrary, it follows that the image of al + Lo is dense in L'(H,u). Since
Ly is closable, the Lumer-Phillips theorem implies that — L, the closure of —Lg in L'(H, p),
generates a strongly continuous semigroup of contractions in L*(H,u). Recalling that L is
an extension of Lo, it follows again by the Lumer-Phillips theorem that L = Lo (see, for
instance, [34, Theorem 1.12]). O



Chapter 5

Singular semilinear equations:

regularity

In this chapter, we prove a regularity result for the equation
dX(t)+ AX(t)dt+ B(X(t))dt > B(t, X (t)) dW (¢), X(0) = Xp. (5.0.1)

In particular, we show how the smoothness of the solution improves (as well as of invariant
measures, if they exist) if the initial datum and the diffusion coefficient are smoother, without
any further regularity assumption on the (possibly singular) monotone drift term 8. For exam-
ple, if A (better said, the part of A in H) is self-adjoint, the solution has paths belonging to
the domain of A in H if X, and B, roughly speaking, take values in the domain of A'/2. This
implies that X is a strong solution in the classical sense, not just in the variational one. The
results of this chapter are part of the joint work [63] with Carlo Marinelli.

We are going to show that the regularity of the solution to equation (5.0.1) improves,
if the initial datum and the diffusion coefficient are smoother, irrespective of the (possible)
singularity of the drift coefficient 5. In particular, we provide sufficient conditions implying
that the variational solution to (5.0.1) is also an analytically strong solution, in the sense that
it takes values in the domain of the part of A in H (see §3.3). If the solution to (5.0.1) generates
a Markovian semigroup on Cj,(H) admitting an invariant measure, we also show that improved
regularity of the solution carries over to further regularity of the invariant measure, in the sense

that its support is made of smoother functions.

Theorem 5.0.1. Assume that the hypotheses of §3.2 are satisfied, that A is symmetric and
that
X € L3(Q, %o, P; V), B(-, X) € L*(Q; L*(0,T; L*(U,V))). (5.0.2)

Then the unique solution (X, ) to the equation (5.0.1) satisfies
X € LA(C([0,T); H)) N L*(;, L%(0,T; V) N L2(; L*(0, T; D(A2))).

For the proof we need the following positivity result.

Lemma 5.0.2. Let Ay and ) be the Yosida approzimations of As and (8, respectively. One
has
(Axu, Br(u)) =0 Yu € H.

Proof. Let j) : R — R be the positive convex function defined as jj(x) := fox Ba(y) dy. Then,
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for any u, v € L3(D),
() = ja(u) = ja(u) (v —u)

a.e. in D, hence, integrating over D,

/Dj)\(v) - /j)\(u) > (Ba(u), v —u).

Choosing v = (I + AAz)~'u, one has u — v = AA,u, thus also
M As) = [ inw) = [ a1+ A12) M)

Since A; is an extension of Ay and u € L*(D), Jensen’s inequality for sub-Markovian operators

and accretivity of Ay in L*(D) imply

/ INCESYRRDE / (I + M) (u) < / ia(u). 0

Proof of Theorem 5.0.1. For any A > 0, let Jy and Ay be the resolvent and the Yosida approx-
imations of A, the part of A in H, as defined in §3.3. That is,

1
Jno= (I +2A9)7 1, Ay = X(I — Jy).

We recall that Jy and A, are bounded linear operators on H, that J is a contraction, and that
Ay = AJ,y.

Setting G := B(-, X), let us consider the equation
dX(t) + AxX(t) dt + BA(Xa(1)) dt = G(t) dW (1), X (0) = Xo.
Since Ay is bounded and (), is Lipschitz-continuous, it admits a unique strong solution
Xy € LA(Q;C([0,T]; H)),
for which Itd’s formula for the square of the H-norm yields
1 ) t t
§||X>\(t)|| +/ <A)\X)\(S),X)\(S)> ds + // Ba(Xa(s))Xa(s)ds
0 0JD
1 , 1 [t ) t
= SIXoll" + 5 [ NGO g2, myds + [ Xa(s)G(s) dW(s)
2 2 Jo (U.H) 0
for all ¢ € [0, T| P-almost surely. Writing
Xy = LX)+ X\ — LX) = LX)+ A0 X)

and recalling that Ay = AJ, and that A is coercive, we have, after taking supremum in time



Singular semilinear equations: regularity 119

and expectation,

1 2 T 2
S B o + CE [ X} ds
0

T T
LR / |AsXx(s)|2 ds + E / /D Br(X()) X (s) ds

1 2 1 T 2
< §E||Xo|| +§E/0 HG(S)Hz%U,H)dS"_EtES[%%]

/0 Xx(5)G(s)dW (s)|,

where, by Lemma 3.4.1, the last term on the right-hand side is bounded by

T
2 2
eE| XM e o,77:m) +C’€IE/0 HG(S)||$2(U,H) ds,

so that, rearranging terms and choosing € small enough, we deduce that there exists a constant
N > 0 independent of A such that

2 2
||X)‘HL2(Q;C([O,T];H)) + ||J/\X/\||L2(Q;L2(0,T;V)) + HB/\(XA)XAHLl(nx(o,T)xD) <N. (5.0.3)

Moreover, let us introduce the function

ox:t H— [0,+OO[,

u—> %(Axu,u)

The linearity and the boundedness of Ay immediately implies that ¢\ € C?(H) with D) (u) =
Ay, and, by linearity, D?py(u) = Ay, for all w € H (in the latter statement Ay has to be
considered as an element of % (H ), the space of bounded bilinear maps on H). It&’s formula
applied to ¢, (X)) then yields

t
0

SDA(X)\(t))—F‘/O |‘A)\X/\(8)||2d8+/ <A)\X)\(8),B)\(X)\(S))>d8

= pa(Xo) + %/0 Tr(G*(s)D*pa(Xa(5))G(s)) ds + ; A\X ) (s)G(s) dW (s)

for every t € [0,T] P-almost surely. Writing, as before, X = Jy X + AA, X, the coercivity of
A implies that

1 C 1
PA(X0) = S(ANXN X0) = S{AXA5 + A 2 Xl
The continuity of Jy on V (see Lemma 3.3.1) instead implies

o (Xo) = (AJr X0, Xo) Xo||f/.

J>‘X0||V||X0||V S HAH_%(V,V’)

< 1Al 2wy

Denoting a complete orthonormal basis of U by (ux)x, we have, recalling again the continuity
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of Jy on V and that D%y (u) = Ay for all u € H,

oo o0

TY(G*DQ@A(X)\)G) = Z<G*D2(p)\(X>\)Guk,uk>U = <A>\Guk,Guk>
k=0 k=0
= Z<AJ/\G“’<7G“’€> =< ||AH$(V,V') ZHJ/\G“kHVHG“kuv
k=0 k=0

S ||A||$(v,v') ZHG“’CHi = ||A||$(V,V'){ GH??Q(U,V)'
k=0

Moreover, by Lemma 3.4.1,

T
E((A\X2G) W), < sEtSE(lJ%]HAAXA(t)Hf/' + N(g)E/O HG(S)H?W(U,V) ds
elo,

T
2 2 2
< EHA’|$(V,V’) Et:’[‘é%HJ/\X/\(t)HV +N(e) E/o HG(S)Hz’Q(U,V) ds

for every ¢ > 0. Taking supremum in time and expectations in the It6 formula for (X)),
choosing € small enough we obtain, thanks to the previous lemma and hypothesis (5.0.2), that

there exists a constant NV > 0 independent of A, such that

| T2 X\ < N. (5.0.4)

2 2
||L2(Q;L°C(O,T;V)) + ||A>‘X>‘HL2(Q;L2(O,T;H))
Reasoning as in Chapter 2, it follows by (5.0.3) that

Xy — X weakly in L*(Q; L*(0,T; H)),
I Xy — X weakly in L?(Q; L?(0,T;V)),
Br(Xy) — € weakly in L'(Q x (0,T) x D),

where (X, £) is the unique solution to (3.1.1). Moreover, by (5.0.4) we have
LHXy— Xy =24 X, —0 in L2(Q; L*(0,T; H)),

hence, P-almost surely and for almost every t € (0,T'), JyX(t) converges to X (¢) in H. Since

the function ||-||?, is lower semicontinuous on H, we infer that
1X ()3 < lign_ingJ,\X,\(t)H?/
for almost every ¢t. Hence, taking supremum in time and expectation, we deduce that
X € L*(;L>(0,T;V)).
Moreover, by (5.0.4) we also have
AzX) —n  weakly in L*(Q; L*(0,T; H)),

hence, since Jy X, — X weakly in L2(Q; L?(0,T;V)), by the continuity and the linearity of A
we necessarily have n = AX, hence X € L?(Q; L?(0,7;D(Az))). O

As last result we show that if the solution to (5.0.1) generates a Markovian semigroup

P = (P)¢>0 on Cp(H) admitting an invariant measure, then the improved regularity of so-
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lutions given by Theorem 5.0.1 implies better integrability properties also for the invariant
measures. Existence and uniqueness of invariant measures, ergodicity, and the Kolmogorov
equation associated to (5.0.1) were studied in Chapter 4. In particular, we recall the following

result. The set of invariant measures of P will be denoted by ..

Proposition 5.0.3. Assume that the hypotheses of §3.2 are satisfied, that Xo € H is non-
random, and that B is non-random and time-independent. Then the solution X to (5.0.1)
1s Markovian and its associated transition semigroup P admits an ergodic invariant measure.

Moreover, there exists a positive constant N such that

Lt wan+ [ [ i@+ [ [ @) <y e

If B is superlinear, there exists a unique invariant measure for P, which is strongly mizing as

well.
Theorem 5.0.4. Assume that the hypotheses of §3.2 are satisfied and that
B:H—2*UV),  [IBO)llgwy)S1+vly-
If A is symmetric, then there exists a positive constant N such that
/H||Au||2u(du) <N Ve A.
In particular, every p € A is concentrated on D(Asg), i.e. u(D(A3)) = 1.

Proof. For every x € V, let (X*,£") be the unique strong solution to (3.1.1) with initial datum
x. Setting G := B(X?), Itd’s formula for ¢ (X)) as in the proof of the previous theorem yields

t
0

(pA(X)\(t))‘i‘/O HA)\X)\(S)szS—F/ <A)\X)\(S),ﬁ,\(X)\(S))>dS

= pr(z) + %/ Tr(G*(s)ngo)\(X,\(s))G(s)) ds —|—/ A\X(s)G(s) dW (s).
0 0

Since AyX) € L3(Q; L>=(0,T;H)) and G € L?(Q; L*(0,T; £?(U, H))), the last term on the
right hand side is a martingale; hence, taking expectations and recalling that ¢y (z) < ||x||%/7
it follows by Lemma 5.0.2 and by the estimates obtained in the proof of the previous theorem
that

t
2
E / 143 XA ()| ds S 1l + BIGIR 000

Since this holds for every A > 0, letting A — 0 and recalling that, as in the proof of the previous
theorem, A)X, converges to AX weakly in L%(Q2; L%(0,T; H)), a weak lower semicontinuity

argument and the linear growth assumption on B yield
¢ ) ,
B [ A7) ds S 1+ ol (5.05)
0
for every t € [0,T] and € V. Let us introduce the function F : H — [0, 4+00] defined as

|Aull®  if u € D(Ay),
+o0 ifue H\D(Az),

F(u) :=
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and the sequence of functions (F,)nen, F : H — [0, 4+00), defined as
2
F,(u):= HAl/nuH AnZ.

It is easily seen that F;, € Cy(H) for all n € N and that F,, converges pointwise to F' from

below. Therefore, for any invariant measure y, it follows by Fubini’s theorem that

/HFn( (dx) //F (dz) ds—//PF 2) u(dz) ds

// HAl/nXgc || /\n)ds,udx)

<[® /0 A1 X7(3)]* ds ()

Recalling that ||Ayul|| < ||Aul| for all u € H, it follows by (5.0.5) that
[ Fa@)utde) S 1+ [ ol utdo)
H H
Since ||-||?, € L'(H, u) by Theorem 4.4.3, we get

/EmmwmsN
H

for a positive constant N, independent of n and u. Letting n — oo, by the monotone conver-
gence theorem we deduce that F' € L'(H,u), hence F is finite y-almost everywhere in H, and
in particular pu(D(42)) = 1. O
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Divergence-type equations with

singular reaction term

We prove well-posedness for doubly nonlinear parabolic stochastic partial differential equations
of the form

where v and 8 are the two nonlinearities, assumed to be multivalued maximal monotone op-
erators everywhere defined on R? and R respectively, and W is a cylindrical Wiener process.
Using variational techniques, uniform estimates (both pathwise and in expectation) and com-
pactness results, well-posedness is proved under the classical Leray-Lions conditions on v and
with no restrictive smoothness or growth assumptions on 3. The operator B is assumed to be
Hilbert-Schmidt and to satisfy some classical Lipschitz conditions in the second variable.

The results presented in this chapter are part of the work [75], recently published in Journal
of Differential Equations.

6.1 The problem: literature and main goals

In this chapter, we consider the boundary value problem with homogeneous Dirichlet conditions
associated to a doubly nonlinear parabolic stochastic partial differential equation on an smooth
bounded domain D C R% of the type

dX; — divy(VX,) dt + B(X,) dt > B(t, X;)dW, in D x (0,T), (6.1.1)
X(0)=X, inD, (6.1.2)
X=0 ondDx(0,T), (6.1.3)

where v and 3 are two maximal monotone operators everywhere defined on R? and R, respec-
tively, W is a cylindrical Wiener process, and B is a random time-dependent Hilbert-Schmidt
operator (we will state the complete assumptions on the data in the next section). We prove ex-
istence of global solutions as well as a continuous dependence result using variational techniques
(see e.g. the classical works [46,71,72] about the variational approach to SPDEs).

The problem (6.1.1)-(6.1.3) is very interesting from the mathematical point of view: as a
matter of fact, the equation presents two strong nonlinearities. The first one is represented by
~ within the divergence operator: in this case, we will need to assume some classical growth

assumptions (the so-called Leray-Lions conditions) in order to recover a suitable coercivity
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on a natural Sobolev space. The other nonlinearity is represented by the operator 3: this is
treated as generally as possible, with no restriction on the growth and regularity. Because
of this generality, the concept of solution and the appropriate estimates are more difficult to
achieve, as we will see. We point also out that dealing with maximal monotone graphs makes
our analysis absolutely exhaustive. As a matter of fact, in this way we include in our treatment
any continuous increasing function § (with any order of growth), as well as every increasing
function with a countable number of jumps: indeed, it is a standard matter to see that if g is
an increasing function on R with jumps in {z, },ecn, one can obtain a maximal monotone graph
by setting 3(z,) = [B—(zn), B+ (2,)]. Finally, very mild assumptions on the noise are required,
so that our results fit to any reasonable random time-dependent Hilbert-Schmidt operator B;
in the case of multiplicative noise, only classical Lipschitz continuity hypotheses are in order.

The noteworthy feature of the results contained in this chapter is that problem (6.1.1)—(6.1.3)
is very general and embraces a wide variety of specific sub-problems which are interesting on
their own: consequently, we provide with our treatment a unifying analysis to several cases of
parabolic SPDEs. Let us mention now some of these and the main related literature.

If 7 is the identity on R?, the resulting equation is the classical semilinear SPDE driven
by the Laplace operator dX — AX dt + (X)dt > BdW;, which has been widely studied.
For example, in Chapter 2, global existence results of solutions are provided in the semilinear
case, with the laplacian being generalized to any suitable linear operator: here, the idea is
to doubly approximate the problem, in order to recover more regularity on 8 and B, to find
then appropriate estimates on the approximated solutions and finally to pass to the limit in
the equation. Moreover, in [28], mild solutions are obtained under the strong hypotheses that
3 is a polynomial of odd degree m > 1 and B can be written as (—A)~3 for a suitable s;
in [9], existence of mild solutions is proved with no restrictive hypotheses on the growth of 3,
but imposing some strong continuity assumptions on the stochastic convolution. In [58], well-
posedness is established for the semilinear problem in a L? setting, with § having polynomial
growth.

If v is the monotone function on R? given by v(x) = |z[P~22, z € RY, for a certain p > 2,
then the term represented by the divergence in (6.1.1) is the usual p-Laplacian: in this case,
our equation becomes dX — A, X dt + B(X)dt > BdW,, where A, := div(|V - |P~2V:). This
problem is far more interesting and complex than the semilinear case since —A, is nonlinear
for any p > 2 and consequently (6.1.1) becomes doubly nonlinear in turn. Among the extensive
literature dealing with this problem, we can mention [54] for example, where the stochastic
p-Laplace equation is studied in the singular case p € [1,2), and [55] as well.

Let us now briefly outline the structure of the chapter.

In section 6.2, we state the precise assumptions of the work and we accurately describe the
general setting: here, the main hypotheses are stated and the variational setting is presented.
Furthermore, we outline the four main results: the first theorem ensures that problem (6.1.1)—
(6.1.3) admits global solutions in a suitable weak variational way in the case of additive noise,
the second one is the very natural continuous dependence property with respect to the initial
datum and B, the third is the existence result in case of multiplicative noise and the last
one states the continuous dependence property with respect to the initial datum in case of
multiplicative noise.

Section 6.3 contains the proof of the existence theorem with additive noise: the main idea
is to introduce two approximations on the problem. The first approximation depends on a
parameter A and it is made on the maximal monotone operators S and <y, considering the

Yosida approximations, as usual; moreover, a correction term is added in order to recover
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a suitable coercivity when A is fixed, and that is going to vanish when taking the limit as
A N\ 0. The second approximation depends on a parameter ¢ and is made on the operator
B in order to gain more regularity on the noise. The double approximation is very similar to
the one performed in Chapter 2. The general idea is that given a fixed approximation in &,
the approximated noise is regular enough to allow us to pass to the limit pathwise in A: once
this first step is carried out, suitable probability estimates allow us to pass to the limit also
in €. More specifically, the proof of existence consists in obtaining uniform estimates on the
approximated solutions, independently of the approximations, and then passing to the limit
in the approximated problem. To this purpose, we will recover pathwise estimates which are
uniform in A (but not in €), and global estimates also in expectation which are uniform both in
A and in €. The passage to the limit is carried out in two steps: the first is on A and it is made
pathwise, while the second is made on € and is made globally also in probability. The main idea
is to use Itd’s formula and some sharp testings to obtain L' estimates on the nonlinear terms
in 8 and rely on the Dunford-Pettis theorem to recover a weak compactness, being inspired in

this sense by some calculations performed in [9].

Section 6.4 is devoted to proving the continuous dependence result for the additive noise
case, which easily follows from the definition of solution itself and a generalized It6 formula,

which is accurately proved in the Section 6.7.

Section 6.5 contains the proof of the main result, which ensures that the problem with
multiplicative noise is well-posed: here, we build the global solutions step-by-step, proving at
each iteration accurate contraction estimates and using classical fixed-points arguments. The
continuous dependence follows from the generalized version of [t6’s formula contained in Section
6.7.

The Sections 6.6 and 6.7 contain a version of a variational integration-by-parts formula and
the generalized It6 formula, which are widely used throughout: the first one is made pathwise
and it is used when passing to the limit on A in order to identify the limit of the nonlinearity
in v, while the second is a direct generalization of the classical It6 formula in a variational
setting, and it is needed in the passage to the limit on € and in the proof of the continuous
dependence. The idea of the proof is to identify accurate approximations on the processes which
have to satisfy appropriate conditions, such as linearity, smoothness properties and suitable

asymptotical behaviours: in this sense, appropriate elliptic approximations are performed.

6.2 Setting and main results

In this section we state the precise assumptions on the data of the problem and the concept of
solution. Moreover, we present the main results which will be proved in the subsequent sections.

In the sequel, (2, F,F,P) is a filtered probability space, where the filtration F = (]:t)te[oAT] is
assumed to satisfy the so-called “usual conditions” (i.e. it is saturated and right continuous) and
T > 0is the fixed final time; moreover, D C R? is a smooth bounded domain and Q := Dx (0, T)

is the corresponding space-time cylinder. Furthermore, we set
H := L*(D)

and we use the symbol (-,-) for the standard inner product of H. We write “-” for the usual

scalar product in R?.
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We can now specify the main hypotheses of this chapter. First of all, we introduce

v:R? - 2%" maximal monotone, D(y) =R, 0¢c~(0)
B:R — 2% maximal monotone, D(B) =R, 0¢€p(0)

W cylindrical Wiener process on U ,
where U is a suitable separable Hilbert space. Now, it is clear that the function
j:R—[0,400) proper, convex, lower semicontinuous, 95 =0, j(0)=0

is well defined; furthermore, we make the assumption that also 7 is a subdifferential, i.e. that

there exists
k:R? = [0,+00) proper, convex, lower semicontinuous, 9k =+, k(0)=0.

We denote by £* and j* the convex conjugate functions of k and j, respectively, we also assume
that j is even, i.e.

j(x) =j(—x) for every z € R.

Remark 6.2.1. The symmetry hypothesis on j is needed in order to prove the generalized Ito
formula for the solutions of our problem, which will be strongly used throughout the proofs.
However, this can be weakened: the main point is that we only need j to grow at the same rate
both at +o0o and at —oco (cf. [12, p. 429)]), i.e.

lim sup ](x)
|z|—+o0 j(—l‘)

< 4o00.

Now, for every § € (0, 1), we introduce the resolvents and the Yosida approximations of v
and f as

Jsi=Ia+67)"",  Rs:=(L+38)"",
Iq—Js I — Ry
Vo= Be=——
where the symbol I,,, stands for the identity in R™ for any m € N.
As we have anticipated, we need to make some assumptions on the growth of v, namely the
so-called Leray-Lions conditions, which are widely required in the classical literature on elliptic
and parabolic PDEs (the reader can refer here to [16-18] for classical examples). More in detail,

we suppose that there are positive constants K, D, Dy and an exponent p € [2, +00) such that

sup{ly| 1y € v(r)} < Dy (1 +|r[P"!) for every r € RY,
y-r>K|r|P — Dy for every r € R?, y € y(r).

In the sequel, we will write g := p%l € (1, 2] for the conjugate exponent of p.

Finally, we set
V=W, (D)

and define the divergence operator in the variational sense:

—div: LY(D)? - V*, <—divu,v>:=/u.w, ue YD), veV,
D
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where we have used the symbol (-,-) for the duality pairing between V and V*. Here and in

the sequel, we make the natural identification H = H*, so that H is continuously embedded in

V*: for every uw € H and v € V, we have (u,v) = (u,v). Taking these remarks into account, we

have
VS H—VE,

where the first inclusion is also dense. Moreover, we set

d d d
Vy := HY(D), k::{max{,l—l——}]—&—l:
0 0(D) 5 2 5

note that with this particular choice of k, the classical results on Sobolev embeddings (see [10,

Thm. 1.5] and [43, Thm. 219]) ensure that
Vo =V densely, Vy— L*(D),

so that we have
Vo = VNL>®(D), V* LYD) < Vy .

We can now state the four main results of the chapter, which ensure that problem (6.1.1)—

(6.1.2) is well-posed, both with additive and multiplicative noise.

Theorem 6.2.2. Assume that

Xo € L*(Q,Fo,P; H) |
Be L? (Q x (0,T); £*(U, H)) progressively measurable,

v s single-valued ;
then there exist

XeL? (L0, T;H)NLP (2% (0,T);V), XeCu(0,T];H) P-as.,
neLl(Qx(0,T)x D),
Ec LM (Qx(0,T)x D),

where X and & are predictable, n is adapted, and the following relations hold:

X@yiAHNMQd&ﬁAE@Ms:Xwﬁﬁzﬂgmm
in LY(D)NV*, Vte[0,T], P-as.,
ney(VX) ae inQx(0,T)xD,
EeB(X) ae inQx(0,T)x D,
F(X)+ 556 e L' (2% (0,T) x D) .

(6.2.4)
(6.2.5)
(6.2.6)

(6.2.7)
(6.2.8)
(6.2.9)

(6.2.10)

(6.2.11)
(6.2.12)
(6.2.13)

Furthermore, if hypothesis (6.2.6) is not assumed, then the same conclusion is true replacing

conditions (6.2.7) and (6.2.10) with, respectively,

X € L™ (0,T; L*(; H)) N LP (2 x (0,T); V)N Cy, ([0,T); L* (% H))

(6.2.14)
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X(t)—/Otdivn(s)ds—k/otf(s)ds:Xo—i—/OtB(s)dWS

in LY(D)NV*, Vte[0,T], P-as.
Remark 6.2.3. The integral equation (6.2.10) is satisfied in the dual space V{, but X is not

Vo-valued, so that the results provided are not a direct generalization of the classical concept

(6.2.15)

of variational solution (cf. [56]): we can define them as a weaker type of variational solution,
in which the integral expression holds in a dual space V;, but the solution takes values only in
a space larger than V; (V in our case). Nevertheless, the integral formulation (6.2.10) can be
seen as an identity in L'(D), so that the choice of V; turns out to be only a technical device
a posteriori. The fact that one cannot expect classical variational solutions for this type of
problem is due to fact that no hypotheses on the growth of 3 are assumed (in contrast to a

large part of the literature).

Remark 6.2.4. Let us comment on hypothesis (6.2.6). The fact that + is single-valued (thus
a continuous function) is needed in order to prove uniqueness for our problem, which in turn
ensures some reasonable measurability properties for the processes X, n and &, as we will show
later on. On the other side, if we do not require (6.2.6), the measurability of the solutions cannot
be shown using the same argument, but it has to be recovered in a different way: however, in
this case, the formulation that one obtains is weaker than the previous one, since the passage
to the limit has to be carried out in Q x D, with ¢ € [0, T] fixed, and the solution X is found is

a larger space.

Theorem 6.2.5. Assume that

X5, X3 € L* (Q,F,P; H) (6.2.16)
Bi,By € L? (2% (0,T);.£%(U,H)) progressively measurable. (6.2.17)

If hypothesis (6.2.6) holds and (X1,m,&1), (X2,m2,&2) are any two corresponding solutions
satisfying (6.2.7)—(6.2.13), then there is a constant C' > 0 (independent of the above quantities)
such that

| X1 — X2||L2(Q;L°°(0,T;H))

e (6.2.18)
< Cl|Xo = X5 || 2y + C I1B1 = Ball 2oy ) -

In this setting, if X& = Xg and By = Bsg, then X1 = Xo, 11 = 1m2 and & = &. Moreover,
if hypothesis (6.2.6) is not assumed and (X1,m,&1), (X2,m2,&2) are any two corresponding
solutions satisfying (6.2.8)—(6.2.9) and (6.2.11)—(6.2.15), then

X1 = Xl poe 0,7 12 (0,10 (6.2.19)

1 2
< || X0 = X5l L2y + 1B1 = Ball 2 oyz20,m) -

In this setting, if X& = Xg and By = By, then X1 = Xo and —divny; + & = —divns + &.

Remark 6.2.6. The uniqueness result strongly depends on the assumption (6.2.6). Indeed, if
(6.2.6) is in order, uniqueness holds for the three solution components, separately; on the other
side, if we do not assume (6.2.6), we can only recover uniqueness for X and the joint process
—divny + £ Moreover, note that the nonlinearity ~ prevents us from finding a continuous
dependence estimate also in the space LP(Q2 x (0,7);V) for any p > 2. Nevertheless, if p = 2
and 7 is the identity, the operator —A is linear and we can recover continuous dependence also
in L2(Q x (0,7); V), for which we refer to Chapter 2.
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Theorem 6.2.7. Assume that

Xo € L*(Q, Fo,P; H) | (6.2.20)
B:Qx[0,T)x H— Z*(U,H) progressively measurable, (6.2.21)

3L >0 : B(w,t,z1) — B(w, t,zs)|| < Lgllzy — 29
| 22(U.H) [ Iy (6.2.22)

for every (w,t) € Qx[0,T], x1,22 € H,
TRE >0 (B t2) g < Bo (1+ 2l)
for every (w,t,x) € Qx[0,T] x H.

(6.2.23)

If hypothesis (6.2.6) holds, then there exists a triplet (X,n,€) satisfying conditions (6.2.7)—
(6.2.9), (6.2.11)~(6.2.13) and

X(t)—/O divn(s)ds—i—/o §(s)ds:X0+/0 B(s, X (s)) dW,

in LY(D)NV*, Vtel0,T], P-as.

(6.2.24)

If hypothesis (6.2.6) is not assumed, then the same conclusion is true replacing (6.2.7) with
(6.2.14), and condition (6.2.24) with

divn(s ds—l—/f )ds = X —|—/B3X
/ ’ (6.2.25)
in LY(D)NV*, Vtel0,T], P-as.

Theorem 6.2.8. Let X{, XZ satisfy condition (6.2.16). If (6.2.6) holds, and (X1,n1,&1) and
(X2,1m2,&2) are any two corresponding solutions satisfying (6.2.7)—(6.2.9), (6.2.11)—(6.2.13) and
(6.2.24), then there is a constant C > 0 (independent of the above quantities) such that

X1 — X2||L2(Q;L°°(0,T;H)) <C HX(% - X02HL2(Q;H) ) (6.2.26)

In this setting, if X} = X2, then X1 = Xo, m = n2 and & = &. Moreover, if hypothesis
(6.2.6) is not assumed and (X1,m1,&1), (X2,m2,&) are any two corresponding solutions satisfy-
ing (6.2.8)—(6.2.9), (6.2.11)—(6.2.14) and (6.2.25), then there is a constant C > 0 (independent
of the above quantities) such that

11 = Xollpw o,y < C1X0 = X6l 2o - (6.2.27)
In this setting, if X§ = X&, then X1 = Xo and —divn; + & = —divg + &.

Remark 6.2.9. Tt is worth recalling the classical approach to problem (6.1.1)—(6.1.3) in the
deterministic case and the main differences with the stochastic case. The corresponding deter-

ministic problem is

g—tfdw’y(VU)Jrﬁ( )> f, u(0)=wuo,

with homogeneous boundary conditions for u: here, the classical approach consists in proving
that the sum of the two operators — div(V-) and §(-) is m-accretive in a suitable space. To this
end, it is well-known that if () E is a Banach space with uniformly convex dual E*, (ii) A and
B are two m-accretive sets in E x E, (iit) D(A) N D(B) # 0, (iv) (Au, J(Bxu))p > 0 for every
u € D(A) and A € (0,1) (where J : E — E* is the duality mapping of E and B} is the Yosida
approximation of B), then A 4+ B is m-accretive in F x E (see [10, Prop. 3.8]). If we take for
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example E = L%(D) for 1 < s < 400, A = —divy(V:), B = §(-) with their natural domains,
we only need to check (iv), since (i)—(ii¢) are clearly satisfied. To this aim, we need to handle

the term

/ —divy(Va)$(Ba(w) ,
D

where ¢(r) = |r|*~2r, r € R, using integration by parts. The first problem occurs if s < 2, since

in this case the derivative of ¢ explodes at 0; if s > 2, we can proceed formally and recover

/D & (B (w)) B () (V) - T > 0.

The main difficulty is that 8, is not differentiable, so that one needs to rely on some generalized
chain-rules for Lipschitz functions or suitable mollifications of $y. The problem can be seen
then as a particular case of the general one

ou

E+Au9f,

with A purely nonlinear (multivalued) operator, for which one can rely on several classical

well-posedness results. However, the corresponding general problem in the stochastic case, i.e.
du+ Audt > BdWy,

does not have a direct counterpart in terms of existence and uniqueness: as a consequence, in
our case the proof of m-accretivity is not sufficient to ensure well-posedness, so that one needs

to deal with the problem “by hand”. To this end, the variational approach is in order.

6.3 Existence with additive noise

In this section we prove the two existence results contained in Theorem 6.2.2: as already
mentioned, we are going to approximate the problem using two different parameters. Uniform
estimates are then proved and we obtain global solutions to the original problem by passing to

the limit in a suitable topology.

6.3.1 The approximated problem

Thanks to (6.2.5), for every e € (0,1) there exists an operator

Bf e L* (2 x (0,T); £*(U, V) (6.3.28)

such that:
B* =B inL*(Qx(0,T);£*U,H)) ase\0, (6.3.29)
”BE||L2(QX(0,T);$2(U,H)) < ||BHL2(QX(07T);$2(U,H)) for every € € (0,1). (6.3.30)

Indeed, if k is chosen as in the definition of Vj in the previous section, then the operator
(I —eA)~% maps H into Vp for every € > 0, so that it suffices to take B := (I —cA)~*B.
With this particular choice, using the fact that the operator (I —eA)™* : H — H is a linear
contraction converging to the identity in the strong operator topology as € \, 0 and the ideal
property of £?(U; H) in (U, H), we have that (6.3.28)—(6.3.30) are satisfied.
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For every A € (0,1) and ¢ € (0,1), let us consider the approximated problem

dX5 — div[yA(VXS) + AVXS] di + Br(X5) dt = BdW, in D x (0,T),
X5(0) =X, inD,

whose integral formulation is given by

X5(t) - /O div[y (VX5 (5)] ds — A /O AXS(s) ds + /0 AA(XR(s)) ds (6.331)
:X0+/ B*(s) dW;
0

in H=Y(D), for every t € [0,T], P-almost surely, where here the divergence operator — div :

L?(D)¢ — H~1(D) and the laplacian is intended in the usual variational way, i.e.
~A: Hj(D) — H YD), (A, v) g1 (py = / Vu-Vv, wu,v€ Hy(D).
D

A unique solution to the approximated problem (6.3.31) can be easily obtained using the

classical results contained in [46] (see also [56, Thm. 4.2.4]). In fact, the operator
Ay : HY(D) — H YD), Ax:¢r —div[ya(Vo) + AV + Br(0), (6.3.32)

is well-defined thanks to the Lipschitz continuity of 8y and ~,, and problem (6.3.31) is the
variational formulation with respect to the Gelfand triple H}(D) — H < H~1(D) of the

following:

dX5 + A\X5dt = B*dW,; in (0,T) x D, (6.3.33)
X50)=Xy inD. (6.3.34)
In this setting, we need to check that the operator A, satisfies the classical properties of hemi-

continuity, monotonicity, coercivity and boundedness, in order to recover solutions of (6.3.31).

The following lemma is straightforward.
Lemma 6.3.1. The following conditions are satisfied for every X € (0,1).

(H1) (Hemicontinuity). For all u,v,x € H}(D), the following map is continuous:
s> (AA(u—i—sv),m)Hé(D) , s€ER.
(H2) (Monotonicity). For all u,v € H}(D),
(Axu — Ayv,u — U>H%(D) >0.
(H3) (Coercivity). There exists C1 > 0 such that, for all v € H} (D),
(A0, 0) 1y = Cr 0l oy -
(Hj) (Boundedness). There exists Cy > 0 such that, for allv € H}(D),

ANVl -1 (py < C2llvll g3 (py -
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Proof. For all u,v,z € Hi (D) we have

(Ax(u+ sv),2) g1 py

:/[)fy,\(V(u+sv))-Vas+/\/DV(u+sv)~Vx+/DﬁA(U+5”)I,

so that (H1) is satisfied thanks to the Lipschitz continuity of v, and Sy. Secondly, (H2)
trivially holds using the monotonicity of vy and (8x. Moreover, for all v € H}(D), thanks to
the monotonicity of vy and 8y, and the fact that v(0) 3 0 and 5(0) > 0, we have

<AAU,U>H5(D)=/ WA(VU)-Vv—i—)\/ |W|2+/ m(v)vzx/ Vo2,
D D D D

so that (H3) holds true thanks to the Poincaré inequality. Finally, using the Lipschitz continuity
of By and v, and the Hélder inequality, we have for all u,v € H}(D)

(Axv,u) g1 (p) z/ ’yA(Vv)-Vu—f—)\/ VU~Vu+/ Ba(v)u
0 D D D
1 1 2
< {5 HA) IVl IVally + S ol lully < (5 42 ) 1ol o) lull gy o)

from which (H4) follows. O

Lemma 6.3.1 ensures that, for all £, A € (0,1), there exists a unique adapted process
X5 € L?(Q;C([0,T); H))NL* (2 x (0,T); Hy (D)) (6.3.35)
such that

X5(t) —/0 div[yA(VX5(5))] dS—A/O AX() dH/O AR ds (6.3.36)
= X() + / BE(S) dWS
0

in H=1(D), for every t € [0, T], P-almost surely.

6.3.2 A priori estimates I

Here we prove uniform pathwise estimates on X5, independent of A (but not of ¢), which will

allow us to pass to the limit as A \, 0 in the approximated problem (6.3.36) with ¢ fixed.
Let us define, for any € € (0, 1),

Wi (t) = /O Be(s)dW.. te0.T]. (6.3.37)
Thanks to the Burkholder-Davis-Gundy inequality and condition (6.2.5) we deduce
Wg e L? (Q;1°°(0,T; Vo)) . (6.3.38)
In particular, recalling that Vo — V N L>°(D), we have that

Wg(w) € LP(0,T; V)N L>™(Q) for P-almost every w € Q. (6.3.39)
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Equation (6.3.36) can be rewritten as
01 (X5 — W5) (1) — div [1n (VX5(6) + AVX5(0)] + Bu(X5(0) =0 in H'(D)

for every ¢ € [0,T1], for any w out of a set of probability 0 (the symbol 9 for the derivative with
respect to time makes sense only if applied to the difference X§ — W5). Fix now w and test by
X5(t) — Wx(t) (see [8, §1.3]): we obtain

3 1550 - W50l + [ [ AR VRS 6) - W) as
+ A/ot/p VX5(s) - V(X5(s) —Wg(s)) ds (6.3.40)
# [ K3~ Wh ) ds = 5 %ol
Using the identity I; = Ay, + J) and rearranging terms in the previous relation, we have

31560 =Wl + [ [ n(TX5(6) - 1 (VXS () ds

+A/0t/Dm (VX5(5) ds+A/0t/D|VX§<s>|2ds

4 / /D B () (X5 (5) — Wi (s)) ds

1 2 K € £ k e €
:§||X0||H+/0 /D’y,\(VXA(s))-VWB(s)der/\/O /DVXA(S)'VWB(s)dS~

Using the generalized Young inequality of the form ab < (5”;1(1% + Cs,,bP (for any a,b,6 >0

and a certain Cj, > 0) on the second term on the right-hand side, thanks also to hypotheses
on v and the properties of the resolvent we deduce for every ¢ € [0,T] that

1 t t
5 1 X5 = Wi I3 + K / 1Tx (VXS (NN (py ds + X / Iva (VX5()) 3 ds
t t
o [ IV dst [ [ AR () - Wh(a) ds
1 —-1)D; [!
<0 g1l + 0T [ (VXS s

t . )\ t . )\ t A
+Cop [ W5 dst 5 [ IVXRGIG ds 5 [ I9W515 ds

for a positive constants C’ independent of A and . Hence, choosing § = %, we get that,
for every t € [0, T],

K [t !
IX5 01 + 5/0 ENC2 SO ds“/o I (VXS (Dl ds
A/t 2 !
+*/ VX5(s ds—l—//BAXES XX(s) = Wg(s)) ds
> /) IVX3(s)ll 5 A (XX(s)(X3(s) 5(5)) (6.3.41)
1 ; Ly
< O+ 5 IXollf + Co W Lo o vy + 5 IWEIZ~ (0.1
1 e 2
+ 5 IWalL2 0,750 0))

for a positive constant C), independent of A and €. Denoting by jy : R — [0, +00) the proper,
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convex, lower semicontinuous function such that 8y = 9j and jx(0) = 0, one has that j) < j
and jy(x) 7 j(z) for every x € R (recall that R = D(8) C D(j)). Hence, for every z,y € R we
have that

Ba(@)(z —y) = ja(z) = jx(y) = ja(z) = j(y) -
Applying this inequality to the last term on the left-hand side of (6.3.41), we deduce that, for
every t € [0,T],

15 K ! € K €
IXS O3 + 5 / 15 (VXS (NN () ds + A / lva (VX5()) 5 ds

)\ ! [ ! N [
o5 [Iexsol ds+ [ [ i) ds
2 Jo 0o JpD
S+ (1 Xoll 7 + ”W]EBHiP(O,T;V) + ”WEHiOO(O,T;H)
W10 ooy + /Q W5).
Note that all the terms on the right-hand side are finite P-almost surely: for the first five, this
is immediate thanks to (6.2.4) and (6.3.39), while j(W§) € L'(Q) since W§ € L>(Q). Using

the positivity of j, we deduce that for P-almost every w € Q) there exists a positive constant
M = M, ., independent of A, such that, for every A € (0,1),

||X)E\(w)||Loc(o7T;H) < Mw,sa (6.3.42)
13 (VXS @) oy < Mase (6.3.43)
N2 s (VX5 @) 2y < Mase (6.3.44)
A2 ||VX§(W)HL2(Q) <M, (6.3.45)

Finally, by the hypotheses on 7 and the properties of the resolvent we also have

[ x5 <y [ (1 IR
Q Q

so that by (6.3.43) it follows (possibly redefining M, o) that, for every A € (0,1),

H'V/\(VXi(W))HLq(Q) < My (6.3.46)

6.3.3 A priori estimates 11

In this section we prove some estimates in expectation on X5 independent both of A and e.

The main tool is a version of Itd’s formula in a variational framework.

Thanks to conditions (6.2.4)—(6.2.5) and (6.3.35)—(6.3.36), we can apply It6’s formula (see
[56]), obtaining

316600+ [ [ w(©X50) - VX5 ds
+>\/0 /D|VX§(5)| ds+/0 /Dﬁ,\(Xi(s))Xi(s)ds (6.3.47)

= 51Xl 5 [ 1B @ ds+ [ (X500, B () aw)
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for every t € [0, T], P-almost surely, which yields, by definition of 7y,

Lixsol + / I (VXS ()] ds + A / I (XS, ds
5 1AWl ; A L»(D) ; A H
t t
A / VXS (3% ds+ / /D B (X5 () X5 () ds

1 2 1 2
< C"+ S 1 Xolly + 5 1B() 120,122,y T SUP
2 2 t€[0,T)

0

/ (X5 (s), B=(s) W)

for a constant C” > 0, independent of € and A\. Thanks to Davis’ inequality, the Holder and

Young inequalities, and condition (6.3.30), we have for some ¢, ¢ > 0

E sup
t€[0,T)

/0 (X5 (s), B (s) dW,)

T
< cE (/O XS )7 1B () 0,1y dS)

<cE [”X)E\HLOO(O,T;H) ”BE”LQ(O,T;x?(U,H))}
< Lyxep2 ¢\ B3 ;
<7 I X320 0,70 + ENBl L2 (0x (0,722, m)) 5

consequently, taking the supremum in ¢ € [0,7] and expectations, we obtain

1 2
1 [ XN E2(0 00 0,750y + K 11Ix (in)HiP(QX(O,T)xD)

N 12 e112 £ €
+ A7 (VXA)HLZ(Qx(o,T)xD)+)\||VXA||L2(Qx(o,T)xD)+/Q QBA(XA)X,\
X

1 9 3 2
<0+ 3 [ Xoll2(0m) + 5 IBIZ2x (0,122, 1)) -

We infer that there exists a constant N > 0, independent of A\ and &, such that

X3 £z 0,70y < NV
I3 (VX Lo x01)xp) <N
A2 2 (VX§)||L2(Qx(o,T)xD) <N,
NIV XS 2 oxomycm) <N

for every e, A € (0,1). Finally, by the assumptions on v we also have

| x| aexs)”.
aQxQ QxQ
so that by (6.3.50) it follows (possibly redefining N) that, for every €, A € (0, 1),

||’YA(VX§)||L4(Qx(O,T)xD) <N.

6.3.4 A priori estimates 111

(6.3.48)

6.3.49
6.3.50
6.3.51
6.3.52

—~  ~~
—_ — —= =

(6.3.53)

In this section we prove uniform estimates on the term [,(X5), independent of A (with ¢

fixed), which are useful to recover a suitable weak compactness. We rely on some computations

performed in [9] to obtain some L! estimates, the classical results by de la Vallée-Poussin about

uniform integrability and on the Dunford-Pettis theorem.

Firstly, let us fix w € . The properties of the resovent and the monotonicity of gy imply
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that
FRAXS) + 77 (BA(X3R)) = Ba(X5) BAXS < [BA(X]XS] = BA(X3) XK -

Consequently, from inequality (6.3.41) evaluated at time T and the previous relation, recalling
(6.3.39) and using the generalized Young inequality of the form ab < j(2a) + j*(b/2) for any

a,b € R, we deduce that P-almost surely we have

/ “(BA(XR)) / Ba(X3) XX
Q
<C'+ 5 1Xoll% + Cy HWBHLp(OT vyt 5 ||WBHL°°(O T;H)
1 2
# 5 Wl ragoy + [ HODWs
<O+ HIxolE + o W Liwg2
<=0 + By [Xollzr + Co IWBI Lo, 71y + By IWE L 0,7.m)

1 2 - 1 -
5 Wl g0 + 13 Wl + 5 [ 7 (0.

All the terms on the right hand side are finite thanks to (6.2.4) and (6.3.39): hence, since j* is
even by assumption, we have proved that

177 (B XX @)Dl L1y = 137 (BAXI (@)l L1 (g / BA(X5 (W) XX (w) < My (6.3.54)
for P-almost every w € §2; moreover, since D(3) = R, we have that

lim *=——= = +4o0.
|r| =400 |’I“|

Hence, using then the criterion by de la Vallée-Poussin for uniform integrability combined with

the Dunford-Pettis theorem, we deduce that, for P-almost every w € Q and for every ¢ € (0, 1),
{BA(X3) (W)} re(,1y 18 weakly relatively compact in L' (Q) . (6.3.55)

Finally, let us obtain the corresponding information also in expectation. It easily follows
from (6.3.48) that there exists a constant N > 0, independent of A and ¢, such that

I1BA(XR)XS L1 xo,myxpy < N for every e, A € (0,1);

hence, in analogy to the derivation of (6.3.54), we get
/Q Qj*(ﬁx(Xi)) < IBAXD) XA L1 x0myxpy SN for every e,A € (0,1) . (6.3.56)
X

Since j* is even and superlinear at infinity, the criterion by de la Vallée-Poussin and the Dunford-

Pettis theorem imply that

{Br(X5)}ere,1) s weakly relatively compact in L'(€ x (0,T') x D). (6.3.57)

6.3.5 Passage to the limit as A \ 0

In this section, we pass to the limit as A N\, 0 in the approximated problem (6.3.36) with
e € (0,1) being fixed: the idea is to pass to the limit pathwise as A \, 0. Throughout the
section, € € (0,1) and w € Q are fixed.
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First of all, conditions (6.3.42)—(6.3.46) and (6.3.55) ensure that there exist
X (w)e L*(0,T;H) ,
Ye(w) € LP(Q)4,
0 (w) € LYQ)",
& (w) € L' (Q)

and a sequence {A, }nen (which clearly depends on € and w as well) such that as n — oo

X5 (w) = X(w) in L>(0,T;H) , (6.3.58)
In, (VX5 (w)) = Y5(w) in LP(Q)?, (6.3.59)
M (VXS (@) = 9f(w) in LYQ)?, (6.3.60)
B (X5, (@) = €(w) in L' (Q) (6.3.61)
and also as A \, 0 that
Ma(VXS(w)) =0 in L2(Q)?, (6.3.62)
AVXS(w) =0 in L2(Q)%. (6.3.63)
In particular, since A\?|y\(VX5)|? = |[VX§ — JA(VX5)|?, from (6.3.62) we have that
/ VXS — (VX)) (w) =0 as AN\,0,
Q
which together with (6.3.59) implies that VX5 (w) — Y* in L? (Q)%; hence, we deduce
X®(w) e LP(0,T;V)
Ye = VX¢ and as a consequence (possibly renominating {\, }nen)
Ir, (VX5 (w)) = VX (w) in LP(Q)?, (6.3.64)
VX5 (w) = VX*(w) in L*(Q)*. (6.3.65)

The second step is to prove a strong convergence for X5. To this purpose, equation (6.3.36)

can be rewritten on the path starting from w as
¢ (X5 = W) (t) — divin (VXS (1) — MAXS(#) + Ar(X5(t) =0 in H~/(D)

for every t € [0,T]: we estimate the different terms of the previous relation in the larger space
LY(0,T;Vy). Recalling that L'(D), H~'(D),V* < Vj, using the fact that ||—divo|,. <
[Vl pa(py for every v € L9(D)? (thanks to definition of divergence) and that =20 gr-1(py <
IVl 2 (py for every v € H} (D), using conditions (6.3.45)—(6.3.46) and (6.3.55), we deduce that
for every A € (0,1)

= div o (VX5 @) 10 vy < €l (TXS @D ooy < Mase
||_)‘AX§\||L1(O,T;VO*) <A ||VX/E\||L2(Q) < Mye,

Hﬁ/\(X/E\(w))”Ll(o,T;VO*) <c ||BA(X,€\(W))||L1(Q) <M,.,
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for a certain constant ¢ > 0 and renominating the constant M, . at each passage. Hence, we
deduce by difference that

|0y (X5 — W5) (w)||L1(07T;VO*) <M, forevery A€ (0,1). (6.3.66)

At this point, we can recover a strong convergence using some classical compactness results with
w €  being fixed. Since by (6.3.65) the family {X5 (w)}nen is bounded in L?(0,T; Hj(D)),
thanks also to (6.3.66) we can apply Lemma 1.4.3 to recover that the set F is relatively compact
in L2(0,T; H). Hence, there exists X% (w) € L?(0,T; H) such that

(X5, —Wg)(w) = Xg(w) in L*(0,T;H) asn— oo,

possibly updating the sequence {Ay, }nen. Using condition (6.3.58) and the fact that W5 is fixed

with respect to A\, we infer that
(X5, —Wg)(w) S (XE—WE)(w) in L°°(0,T; H) asn — oo,

and for uniqueness of the weak limit we have X§(w) = (X¢ — W§)(w) a.e. in Q). As a conse-

quence, we have that

X5 (w) = X°(w) in L*(0,T;H) asn — oc0. (6.3.67)

We are now ready to pass to the limit as A N\, 0 in (6.3.36): in particular, we are going to

show that for every ¢ € (0,1) we have

XE(t)—/Otdivna(s)ds—l—/otﬁe(s)ds:Xo—i—/otBE(s)dWs

(6.3.68)

inVy, Vtel0,T7], P-as.,
n° € y(VX®) ae.in Q, P-almost surely, (6.3.69)
£ € B(X) ae. in Q, P-almost surely, (6.3.70)
G(XE) +5%(¢°) € LY(Q), P-almost surely. (6.3.71)

Firstly, let € € (0,1) and w € Q be fixed as usual. Let w € Vj and recall the fact that
Vo < L*°(D) N V: then, thanks to (6.3.58), (6.3.60), (6.3.63) and (6.3.61), for almost every
t € (0,T) we have

| x50 [ xiow.
o @X3, 60 Vods [ [ () Vwds,
0 D 0 D

t
)\n//VXin(s)-des—)O,
0o Jp

/Ot/D»BAn(Xin(S))wds—>/Ot/Dg€(s)wds7

as n — oo. Hence, taking these remarks into account, letting n — oo in equation (6.3.36)
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evaluated with A, , we obtain exactly

t t t
XE(t) —/0 divn®(s) ds —|—/0 & (s)ds = Xo —1—/0 B (s) dW, in Vf
for almost every t € (0,7), P-almost surely.

Since all the terms except the first are continuous with respect to time, we deduce a posteriori
that X¢(w) € C ([0, T]; V") P-almost surely. Since also X¢(w) € L*°(0,T; H), by Lemma 1.4.1
we deduce that

X eCy([0,T]; H) P-almost surely. (6.3.72)

Hence, the last integral relation holds for every ¢ € [0,7T] and (6.3.68) is proved.

Secondly, let us show (6.3.70). By (6.3.67) we can assume that X§ (w) — X°(w) a.e. in
Q as n — oo, from which, since Ry, is a contraction, we deduce also that Ry X5 (w) —
X*(w) a.e. in Q. Moreover, by (6.3.61), we also know that gy, (X5 (w)) € B(Rx, X5 (w)) and

B, (X5 (w)) = £°(w) in L'(Q). Consequently, since {By, (X5 (w))X5 (w)}nen is bounded in
L'(Q) thanks to (6.3.54), we can apply Lemma 1.3.14, with the choices Y = @, u the Lebesgue
measure on @, y, = X5 and g, = Ry, X5 , to infer (6.3.70).

Furthermore, by definition of 85, we have X¢ — Ry X§ = (X°— X5 )+ M5, (X5), so
that thanks to (6.3.61) and (6.3.67) we deduce that Ry, X5 (w) = X¢(w) in L'(Q): hence, by
the weak lower semicontinuity of the convex integrals and conditions (6.3.61) and (6.3.54), we
have that

n— 00

/[j(XE(w))Jrj*(ﬁE(w))]Sliminf/ [(Rx, X3, (@) + 5" (Bx,, (X5,) ()]
Q Q

zliminf/ Ry, X5 (w)Ba, (X5 (w)) gliminf/ X5 (w)Ba, (X5 (w) < M, ¢,
o n n oo Jo A n

so that also (6.3.71) is proved. Let us also point out that condition (6.3.70) implies £&£X¢ =
J(X®) + j*(£°) almost everywhere on @, so that from the very last calculations, using the fact

that R, is a contraction and the monotonicity of 3y, we have

E(w)X®(w) /55 ) X® (w <hm1nf/ B, (X5, ( 5, (W) (6.3.73)

Finally, let us show that (6.3.69) holds: in the next passages, we will omit to write w to
simplify notations. From equation (6.3.40) evaluated at time 7', recalling conditions (6.3.58),
(6.3.60), (6.3.61), (6.3.63), (6.3.73) and (6.3.38), we get that

n—oQ

1
limsup/ . (VXS,)- VXS, = 5 ||X0||i1 + 1i_>m / ™ (VXS ) - VIVE
Q ey
+ lim A, / VX5 -VWg+ lim ﬂxn (XX, W5
n—o0 Q ’ n—00
- glgglongXA — Wi( )HH—ngH;OAnHVXA 15 —hmmf/ B, (X5,)X5

§*||Xo||?{+/ ng'VWfﬁ/SEWE**IIXE(T)*WE(TNI%*/§EX€-
2 Q Q 2 Q

At this point, thanks to conditions (6.3.68)—(6.3.71), we can prove that the following testing
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formula holds:
1
S IX = WaG o+ | 7 90— wh) + [ 0 wh) = Il 637)

Remark 6.3.2. The proof of (6.3.74) relies on sharp approximations of elliptic type and is
very technical: hence, we omit it here in order not to make the treatment heavier. The reader

can refer to Section 6.6 for a complete and rigorous proof of (6.3.74).

Hence, thanks to (6.3.74), the last set of inequalities can be read as

limsup/ . (VXS ) - VXS, §/ n®-VX®,
Q Q

n—oo

from which, using the definition of v, and condition (6.3.62) we deduce that

n—r oo

1imsup/ M, (VXS ) - I, (VX5
Q

—tiwsup [ [0, (VX5,) - X5, = Aub, (95,
Q

n—oo

= limsup / Y, (VX5 ) - VX5 — lim A, / v, (VX)) < / n°-VXE©.
n—oo JQ n—00 Q Q
This last inequality together with (6.3.59) and (6.3.60) implies condition (6.3.69) thanks to the

usual tools of monotone analysis.

6.3.6 Measurability properties of the solutions

In this section, we show that the solution components X¢, n° and &° constructed in the previous
section have also some regularity with respect to w. Moreover, we prove uniform estimates with
respect to €: to this purpose, we will use the results of Sections 6.3.3 and 6.3.4, as well as
natural lower semicontinuity properties.

First of all, note that, a priori, X¢, n° and £° are not even measurable processes, because
of the way they have been build (the sequence A, could depend on w as well). To show
measurability, we need to prove uniqueness for problem (6.3.68)—(6.3.71). Hence, let (X5, 75, £5)
and (X5, 75, &5) satisfy conditions (6.3.68)—(6.3.71): taking the difference of (6.3.68) and setting
Ye = X7 - X5, (¢ :=nf —n5 and ¢° := & — &5 we have

t t
Ye(t) — /0 div ¢ (s) ds —|—/0 Y*(s)ds =0 forevery t € [0,T], P-as.

By convexity we have j(Y*/2) + j*(4°/2) < 5 (j(X]) +5(X35) +j*(£5) + j*(£5)), where the
right-hand side is in L!(Q): hence, using the same argument as in Section 6.6 with X = 0 and

B =0, we infer that

LIVl + //< V(s ds+//w€ JY=(s) ds = 0.

The monotonicity of v and 3 implies that Y¢ = 0. Moreover, in view of (6.2.6), v is a continuous
function. This implies that (¢ = 0 and the first integral expression becomes fot ¥e(s)ds = 0 for
every t € [0, 7], so that also ¢¥* = 0 and uniqueness is proved.

At this point, we are ready to prove that the sequence {\, }nen constructed in the previous

section can be chosen independent of w: more precisely, we can prove that for any sequence
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{An}nen decreasing to 0, conditions (6.3.58)—(6.3.61) and (6.3.64)—(6.3.65) hold. Indeed, let
{An}nen be any sequence decreasing to 0 and fix w € €: then, for every subsequence of
{An}nen (which we still denote with the same symbol for sake of simplicity), the estimates
(6.3.42)—(6.3.46) hold. Proceeding as in Section 6.3.5 and invoking the uniqueness, we can then
extract a further sub-subsequence (depending on w) along which the same weak convergences to
X¢, n° and &° hold. This implies that the convergences (6.3.58)—(6.3.61) and (6.3.64)—(6.3.65)

are true for the original sequence {\, }ren, which does not depend on w.

Now, let us prove some measurability properties of the processes X<, n° and &°. First of
all, since X5 — X¢ in L?(0,T; H) P-almost surely, it is clear that X¢ is predictable (since
so are X5 for every n € N). Secondly, let us focus on £°: we prove that 8, (X5 ) — & in
LY(Q x (0,T) x D). To this aim, for any g € L°°(Q), setting

Y RV ey )
Q Q

we know that F§ ~— F*° P-almost surely: let us show that F — F*°in L'(Q). Indeed, for any
h € L>(§), if we define
1

Jo0) =3t M) M= S T Tl

by the Jensen inequality we have that

E [j§ (F5. 1) =B [j;; ( /Q b, <X§,,L>gh)]
< CrypiE /Q Ji(Br, (X5, Jgh) < / (B (X5,

aQxQ
where the last term is bounded uniformly in n by (6.3.56). Consequently, since j§ is still
superlinear at infinity, by the de la Vallée-Poussin criterion, we deduce that {F' jﬂh}neN is
uniformly integrable on €2: taking also into account that F§ h — Fh P-almost surely, Vitali’s
convergence theorem ensures that F h — F°h in L'(Q). Since this is true for any h and g,
this implies that 8y, (X5 ) — &° in L'(Q2x (0,T) x D). By Mazur’s Lemma there is a sequence
made up of convex combinations of 8y, (X5 ) which converge strongly £° in LY(Q), P-almost
surely. This ensures that £° is predictable (since so are 85(X5) for every n). Finally, using a

similar argument, one can show also that n® is adapted.

It is now time to prove some uniform estimates with respect to €. By (6.3.58)—(6.3.61),
(6.3.64) and the estimates (6.3.49)—(6.3.53), using the lower semicontinuity of the norm, we
have

I X=(@)l oo 0,750y < 1infgig;f | X5, (W)HLOC(O,T;H) ’

||VX€(w)||LP(Q) < linrggf ||J>\n, (VXin (w)) ||LP(Q) )

||776(W)||Lq(Q) < lim inf H%m (VX}E\” (W))HLq(Q) )

n—oQ

1€ (@)l gy < liminf |83, (X5, @)1 g
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Taking expectations and using (6.3.49)—(6.3.53) and (6.3.57), the Fatou’s lemma implies

2 . 2
E (X5 0,70 < hnn_l)1£f HX)E\nHLQ(Q;LOO(O,T;H)) <N,

E HVXE”i”(Q) < hnlgig;f ||J)‘n (VXin) HZ;P(QXQ) <N,

E (1710 < liminf [va, (VX5 Fagaeqy < N
E (6% 11 gy < liminf [|Bx, (X5 ) 11 0ng) <N

for a certain positive constant N independent of . Hence, we have also proved that

X e L2 (Q; L=, T; H)N L (2 x (0,T); V), (6.3.75)
nFeLi(Qx(0,T)x D)*, ¢ eL'(Qx(0,T)x D) (6.3.76)

and that the following estimates hold:

1 XM p2 (.10 (0,75 1)) e (@ (0.1);v) < IV for every € € (0,1), (6.3.77)
17| Lagax o, myxpy < N for every € € (0,1), (6.3.78)
1€ 210 7yxpy SN for every e € (0,1). (6.3.79)

Moreover, since S, (X5 ) — £ in L'(Q) as n — oo, P-almost surely, by the weak lower

semicontinuity of the convex integral we have
/ 75(€%) < liminf [ j* (85,(X5.)) P-almost surely :
Q n—oo Q n

hence, thanks to the Fatou lemma and condition (6.3.56), we deduce that

n—oo

/ ﬂ@émmv‘fwMEMSM
axQ QxQ

where N is independent of €. Consequently, since j* is even, we have that {j*(£%)}cc(0,1)
is bounded in L'(£2 x Q): hence, since j* is superlinear at oo, the classical results by de la

Vallée-Poussin and the Dunford-Pettis theorem ensure that
{6 }ec0,1) is weakly relatively compact in L'(Q x (0,T) x D). (6.3.80)

Similarly, Ry, X5 — X©in L'(Q) and j(RAXS) < j(RAXS)+5*(Br(X5)) = Br(X5)X5: hence,
the weak lower semicontinuity of the convex integrals, Fatou’s lemma and condition (6.3.56)

imply

/ J(XE) < liminf ](RAnXin) < sup ”B)\(X)E\)X)E\HLl(QXQ) <N.
QxQ n=o0 JaxQ £,A€(0,1)

Taking these remarks into account, we have also obtained that
Hj(XE)HLl(Qx(o,T)xD) + ||j*(£E)HL1(Q><(0’T)><D) <N forevery e € (0,1). (6.3.81)

6.3.7 Passage to the limit as ¢ \ 0

In this section, we pass to the limit as € \, 0 in the sub-prolem (6.3.68)—(6.3.71) and we recover

global solutions to the original problem: to this end, the passage to the limit takes place also



Divergence-type equations with singular reaction term 143

in probability, as we have already anticipated.

First of all, thanks to (6.3.77)—(6.3.79), we deduce that there exist

X € L™ (0,T; L*(; H)) N LP (2% (0,T); V) ,
neLiQx(0,T)x D), L' (Qx(0,T)x D),

and a sequence {e, }nen with €, \, 0 as n — oo such that

Xen BX in L (0,T; L2(Q; H)) ( )
X =~ X inLP(Qx(0,T);V)), ( )
ner —n in LY(Q x (0,T) x D), (6.3.84)
g€~ ¢ in LY (Qx(0,T) x D) . ( )

Let us prove a strong convergence for X¢: given ¢, € (0,1), consider equation (6.3.68)

evaluated for € and §. Then, taking the difference we have

Xe() = x50 — [ vt () = @D ds+ [ (€)= €°) ds

0

t
= / (B%(s) — B%(s))dW, in Vg for every t € [0,T], P-as.
0
Now, notice that thanks to the symmetry and the convexity of j and j*, we have

. XE*X& - 56755 1. € . k(€ -
() i (555) £ 5 G0+ + 7€)+ 7(€)
where the term on the right hand side is in L'(Q x (0,T) x D) thanks to (6.3.81): hence,
recalling also condition (6.3.72) we can apply Proposition 6.7.1 with the choices Y = X¢ — X?,
f=n"—n’, g=¢& —€,T=DB°—B%and a = 1/2 to infer that

% HXE(t) — X‘s(t)Hi{ —|—/0 /D (778(8) - 776(8)) . (VXE(S) - VXé(s)) ds

t “(s) — &%(s £(s) — X°(s)) ds
+AL@@ £(s)) (X°(s) — X°(s)) d

1/t 2 ¢
= /OHBE(S)—Bé(s)HgQ(UTH) ds+/0 (X% = X°)(s), (B — B°)(s) dWS,)

T2
for every t € [0,T], P-almost surely. Now, proceeding exactly as in Section 6.3.3, we take the
supremum in ¢ and expectations, use the monotonicity of v and 3 together with (6.3.69)—(6.3.70)
and the Davis inequality, so that we have

£ 2 154
[ *XJHL'Z(Q;LOO )SCHB -

B
(0,5H) I @ 0.my22 .y

for every £,0 € (0, 1), for a positive constant ¢ independent of ¢: taking into account (6.3.29),
this implies that the sequence {X*®}.c(g,1) is Cauchy in the space L2(Q; L>°(0,T; H)), so that
by (6.3.82) we deduce

X € L*(Q;L>(0,T; H)) (6.3.86)

and
X=X in L* (L0, T;H)), ase\0. (6.3.87)
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We are now ready to pass to the limit in equation (6.3.68): to this purpose, fix w € Vj
(recall that Vo < L°°(D) N V). Then, thanks to (6.3.87), (6.3.83)—(6.3.85) and (6.3.29), for
every t € [0,7] we have as n — oo that

i e [ xon
E[/O /D?]E"-desz —>IE:/O /Dn-des} ,
E [/Ot/Dfa"(s)wds: —E :/Ot/Df(s)wds} ,

E {/ (w, B (s) dWS)_ —E _/o (w, B(s) dWs)] ;

0

E |ess sup — 0,

so that evaluating (6.3.68) with &,, and letting n — oo, we deduce

t t t
X(t)—/ divn(s)ds+/ §(s)ds=X0—|—/ B(s) dW, in V',
0 0 0
for almost every t € (0,7), P-almost surely.

Since all the terms except the first have P-almost surely continuous paths in V', we have a
posteriori that X € C ([0, T]; V') P-almost surely. Moreover, it is not difficult to check that the
fact that X¢ € Cy,([0,T]; H) for every e together with (6.3.87) readily implies

X € Cy ([0,T]; H) P-almost surely, (6.3.88)

so that the integral relation holds for every ¢t € [0,7T] and (6.2.7)—(6.2.10) are proved. Further-
more, for every ¢ € [0,7] and P-almost surely, all the terms in (6.2.10) except fot n(s) ds are in
LY(D) and all the terms except fot &(s)ds are in V*, so that by difference the integral relation
holds in L*(D)NV*.

At this point, let us focus on (6.2.12) and (6.2.13). By (6.3.87), we may assume that
X¢ — X almost everywhere in © x @; moreover, by (6.3.70) and (6.3.81) we have

/ 5€X6=/ (G(X) + 7€) < N,
QxXQ aQxQ

where N > 0 is independent of €. Hence, {{°X®}.c(0,1) is bounded in L'(Q x Q), and recalling
also (6.3.85) we can apply Lemma 1.3.14, with the choices Y = Qx Q, p =P®Lebg, y, = X
and g, = £°", to infer that (6.2.12) holds. Moreover, thanks to conditions (6.3.87), (6.3.85) and

(6.3.81), using the weak lower semicontinuity of the convex integrals we have that

/Q GO0+ @) Stmint [ GO+ E) <N,

n—oo QXQ

so that (6.2.13) is proved. Let us also point out that from the last inequality, thanks to (6.2.12)
and (6.3.70) we obtain

/ ¢X < liminf / gen Xeon (6.3.89)
QxQ n—o00 QxQ

The next thing that we need to prove is condition (6.2.11). To this end, thanks to the

regularities that we have found on the solutions, we can apply Proposition 6.7.1 to infer that



Divergence-type equations with singular reaction term 145

for every ¢ € [0, T

L HLz(QH>+// VX (5 ds+// €9 (5) X" (5) ds
Q><D QxD

2 En 2
= 5 [ Xoll 720y + 5/0 1B ()12 (022 (v, 1) @55

from which, thanks to (6.3.87), (6.3.89) and (6.3.30), we have P-almost surely that

n—oo

. . e, 1 2 1., -
hmsup/QXQﬁ m VX = o [ XollLa oy + 5 B B 120 0,522 )
1. . 2 o
E lminf 120 (D00 lgggf/ e

QxQ

2
||X0HL2(Q mts ||BHL2(Q><(O T),.22(UH)) ~ ”X(T)HL?(Q;H) _/Q QEX-
X

Now, we apply a second time Proposition 6.7.1 with the choices Y = X, f =1, g = £ and
T = B: hence, the right hand side of the last set of inequality is exactly foQ n- VX, so that

limsup/ n°r - VX < / n-VX.
n—oo JOxQ axQ

This condition together with (6.3.83)—(6.3.84) and (6.3.69) implies exactly (6.2.11).

we have

Finally, let us show that X and £ are predictable processes, and 7 is adapted. At the
end of Section 6.3.6 we checked that X° and £° are predictable, and n° is adapted, for every
€ (0,1). Now, from (6.3.87) it immediately follows that also X is predictable. Moreover, by
conditions (6.3.84)—(6.3.85) and Mazur’s Lemma we can recover strong convergences for some
suitable convex combinations of {n®"} and {£~}: since these are still adapted and predicable,
respectively, we can easily infer that n is adapted and £ is predictable. This completes the

proof.

6.3.8 The further existence result

In this section we prove the last part of Theorem 6.2.2, in which condition (6.2.6) is not assumed
anymore. The idea is to to pass to the limit in a different way, using only the estimates in

expectations and avoiding the pathwise arguments.

For any A € (0, 1), consider the approximated problem
dXy — divya (VX)) dt — NMAX dt + Br (X)) dt > BdW; :

the classical variational approach in the Gelfand triple H}(D) < H < H~1(D) ensures the

existence of the approximated solutions
Xy € L?(2;0([0,T); H)) N L* (2 x (0,T); Hy(D)) .

Using It6’s formula and proceeding as in Sections 6.3.3 and 6.3.4, it is not difficult to prove
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that there exist a positive constant N, independent of A, such that

I XAl 22z 0 750m) < NV [NV X Lo (ox 0,1y 0y < N 5
A (VXM Laoxm)xpy < NV
{Br(X2)}re0,1) is weakly relatively compact in LY(Q x (0,T) x D),
13X 21 @x 0.7y x 0y T 17" (B 1o 0,750y S N
ANV XA 2 ax oy <N

A2 A (VX L2 0,7)x 0y < NV -
We deduce that there exist

X € L™ (0,T; L*( H)) N LP (2% (0,T); V) ,
neLl(Qx(0,T)xD), €£eL'(Qx(0,T)xD),

and a sequence {\, }nen decreasing to 0 such that, as n — oo,

Xy, =X in L= (0,T; L*( H)) |
Jr, (VXy,) = VX in L” (2 x (0,T) x D),
M (VXx,) =0 in L7(Qx (0,T) x D)*
Ba,(Xn,) =€ in L' (2% (0,T) x D) .

Fix w € L*(Q;V)): then, since the four last convergences imply that X, () — X(¢) in
L?(Q; H) for almost every t € (0,T), we have, as n — 0o,

Xy, (Hw — X(tw
QxD QxD

t t
// 'yAn,(VXAn)~Vw%// n-Vuw,
0 JQxD 0 JOxD
t t
/ / an(XAn)UJ%/ / fw
0 JOxD 0 JOAxXD

for almost every ¢ € (0,T). Hence, letting n — oo, we get, for almost every t € (0,7,
¢ t t
X(t) —/ divn(s)ds —|—/ &(s)ds = X +/ B(s)dWs inVy, P-almost surely :
0 0 0

since all the terms except the first are continuous with values in L'(£2; V), we infer also that
X € C([0,T); L*(£; V7)) and the integral relation holds for every ¢ € [0,7]. Moreover, since we
also have X € L>(0,T; L*(Q; H)), by Lemma 1.4.1 we can infer that X € C,,([0,T]; L*(Q; H)).

Secondly, using the weak lower semicontinuity of the convex integrals and the estimates on
j(X,) and j*(Br(Xy)), it is immediate to check that j(X) + j*(¢) € LY(Q x Q). Furthermore,
as we did at the end of Section 6.3.7, using Mazur’s lemma, we deduce also that X and £ are

predictable, and 7 is adapted.

The last thing that we have to check is that n € v(VX) and £ € 8(X) a.e. in Q@ x Q. To
this aim, by the second part of Proposition 6.7.1, using the notation 7y := vA(V X)), we have
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that, for every ¢ € [0, T,

X0 gy + / /Q () T ds+ / Br(X) ()X (s) ds

QxD

2 2
= 2 IXolZaqem + 3 / 1B vy

and

||X HLZ(QH)+/ / -VX(s d5+/ / ()X (s
Q><D QXD
2 2
= 5 X0l 7200,y + 5/0 IB(s) 22 (002 (v, 1) 45 -

We deduce that

lim sup {/ M, - VXi, + Bx, (X/\H)XM}
QxQ

n—00 QxQ

1 2 1. 2
S 1ol e + 5 / |B(s >||L2(Q;32<U,H)>ds—§h,;gggfHXA,,L(T)an)

2 1 2
< §||X0HL2(Q;H)+§ ; ||B( )||L2(Q$2(UH)) HX( ez

:/ ,,.vx+/ €X .
aQxQ QxQ

Let us identify R? x R with R9*!, indicate the generic element in R+ as a couple (z,y), where
z € R? and y € R, and use the symbol e for the usual scalar product in R¢t!. Consider the
proper, convex and lower semicontinuous function ® : R — [0, +00) given by ®(z,y) =
k(z) + j(y), (z,y) € R™1: then the subdifferential of ® is the operator = : R4+l — 2&*™
given by Z(z,y) = {(u,v) € R :u € y(z),v € B(y)}. Hence, recalling that By (X)) Ry Xy =
BA(X) X\ — ABA(XA)[? < Br(X2) Xy and similarly 7y - Jx(VXa) = nx - VX, — Alna|?, we have
proved that

lim sup /Q B0, (X0,)) ¢ (3, (F50,). R, X, < /Q 1+ (VX.X).

n—oo

allowing us to infer that (n,¢&) € E(VX, X), i.e. that n € 4(VX) and £ € (X) a.e. in Q x Q,

thanks to the classical results of convex analysis.

6.4 Continuous dependence on the initial datum with ad-

ditive noise

This section is devoted to the proof of the continuous dependence and uniqueness results con-
tained in Theorem 6.2.5. The main tool that we use is the generalized [t6 formula contained in

Proposition 6.7.1.

We start assuming (6.2.6): let (X}, By), (X3, B2), (X1,7m1,&1), (X2,7m2,&2) be as in Theorem
6.2.5. Then, writing relation (6.2.10) for (X1,m1, &1, X3, B1) and (Xa, 12, &, X3, B2) and taking



148 Chapter 6

the difference, P-almost surely we obtain
t t
X0(6) = Xat) = [ divim(s) —m()] ds+ [ (6s) ~ o) ds
0 0
t
=X; - X¢ —|—/ (B1(s) — Ba(s)) dW, for every t € [0,T].
0

Now, we note that thanks to (6.2.13) and the symmetry of j, for i = 1,2 we have

§(F57) +ar (M52) < g 40 + (@) + i)

where the right hand side is in L*(£2 x (0,7) x D): hence, we can apply Proposition 6.7.1 with

the choices Y = X1 — Xo, f=m1 — 12, 9 =& — &, T = By — By and o = 1/2 in order to infer
that for every ¢ € [0, 7]

S0 = 01 + [ [ ns) ) - (VX506) — V() s
] @6 - 6 (36 - Xato)) as

= gk =8l 3 [ 1= B
+ /Ot (X1 — Xa2)(s), (By — By)(s) dW,) .

Hence, taking into account (6.2.11)—(6.2.12) and the monotonicity of v and 3, we obtain

t
2
1X0(8) — X% < [|X8 - X2|1%, + / 1B1(5) = Ba() gy s

+2 sup /0((leXg)(S),(B1*Bz)(s)dWs) ;

t€[0,T]

moreover, proceeding exactly as in Section 6.3.3, taking the supremum in ¢ € [0,7] in the last
expression and then expectations, thanks to the Davis inequality and the Young inequality, we

easily obtain
2 2 2
1 X1 = Xall 220 1o 0.0y < | X0 — XgHLz(Q;H) + By = Ballz2 (ax0,1).22(v,1))
1 2
+t3 1 X1 = Xall72 0,10 0,7 1))

for a positive constant ¢, from which (6.2.18) follows. Finally, if X§ = X2 and B; = Ba, we
immediately get X1 = X5: substituting in the difference of the respective equations (6.2.10) we
have fot (= div(m(s) — n2(s)) + (&1(s) — &2(8))) ds = 0 for every t. Relying now on hypothesis
(6.2.6) and proceeding as in Section 6.3.6, we easily get also 7, = 72 and & = &.

Let us prove now the second part of Theorem 6.2.5, in which condition (6.2.6) is not assumed.

By the second part of Theorem 6.2.2, we have that, for every ¢ € [0, T,

Xi(t) = Xo(t) — [ divni(s) —ma2(s)] ds+ [ (&1(s) —&a2(s)) ds
0 0

t
=Xg - X2 +/ (B1(s) — Ba(s)) dWj P-almost surely :
0
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hence, using the second part of Proposition 6.7.1, we infer that, for every ¢t € [0, T,

1 5 ¢

31500 = Xa Ol [ [ )= m(e) - (TX1(5) = VXa(s) ds
[ ] ) = ) (Xals) = Xa(s) ds

= 18 = X+ 5 [ 108~ B0

which together with the monotonicity of v and B implies (6.2.19). Finally, if we have X} =
X2 and By = Ba, it is clear that X; = X, and, by comparison in the equation itself, also
fot (—div(ni(s) — n2(s)) + (&1(s) — &2(s))) ds = 0 for every t, as before, so that —divn, + & =
—divn + &.

6.5 Well-posedness with multiplicative noise

In this section, we prove the main theorem of the work, which ensures that the original problem
is well-posed also with multiplicative noise. Let us describe the approach that we will follow.
The main idea is to prove existence of solutions proceeding step-by-step: we introduce a
parameter 7 > 0, we prove using contraction estimates that we are able to recover some solutions
on each subinterval [0, 7], [7,27], ... [nT, (n+1)7],... provided that 7 is chosen sufficiently small,
and finally we paste together each solution on the whole interval [0, 7). In this sense, the main
point of the argument is to prove that such a value of 7 can be chosen uniformly with respect

to n, so that the procedure stops when we reach the final time 7' (in a finite number of steps).

6.5.1 Existence

In this section we prove the two existence results contained in Theorem 6.2.7. We start from
the first one, i.e. assuming (6.2.6). First of all, for every a,b € [0,T] with b > a and for
any progressively measurable process Y € L?(Q x (0,7) x D), condition (6.2.23) implies that
B(-,-,Y) € L}*(Qx (a,b); £*(U, H)): hence, for every X, € L?(€, F,,P; H), thanks to Theorem
6.2.2 we know that there exist

Xop € L2 (Q;L%(a,b; H)) N LP (Q x (a,b); V) , (6.5.90)
Naw € LT (2 (a,0) x D), €ap € L' (Q x (a,b) x D) , (6.5.91)

such that X, ; is adapted with P-almost surely weakly continuous paths in /I and the following

relations hold:

t t t
Xa,b(t)—/ divna’b(s)ds—i—/ Eab(8) ds:Xa—i—/ B(s,Y(s)) dWs

(6.5.92)

inVy, foreveryt€a,b], P-as.,
Nap € V(VXep) ae in Qx(a,b) x D, (6.5.93)
Eap € B(Xap) ae in Q x (a,b) x D, (6.5.94)
J(Xap) + 7 (Ean) € L (@ % (a,b) x D), (6.5.95)

where X, 1 is unique in the sense of Theorem 6.2.5. Now, we need the following lemma.



150 Chapter 6

Lemma 6.5.1. For every 7 > 0 and n € N fized, let X,,, € L*(Q, Fpr,P; H) and Y1,Ys €
L?(Q x (n7,(n+1)7) x D) be progressively measurable: then, if (X1,n1,&1) and (Xo,12,&2) are
any respective solutions to (6.5.90)—(6.5.95) with the choices a = nt, b = (n + 1)7 and same

wnitial value X, = X,,, we have the following estimate:

HXl - X2||L2(Q><(n7',(n+1)'r)><D) Sy TLp ||Y1 - Y2||L2(Q><(n'r,(n+1)'r)><D) : (6596)

Proof. Taking the difference of equations (6.5.92) evaluated with ¢ = 1,2 and recalling the
generalized 1t6 formula (6.7.116), setting X := X1 — X5, n:= 11 — 12 and £ := & — &, we easily
get that for every t € [m7, (m + 1)7]

1 9 t t
S IXO e+ [ [ nts)-9x s+ [ [ cox(s)as

1 2
=3 [B(Y1) = B(Y2)ll 12 (o (mr (mt1)r):22(U, 1)) -

Hence, using the Lipschitz continuity of B and the monotonicity of v and 3 we have
1 9 Lp 2
3 X1 = Xoll oo (mry(mt1)riL2 @5 D)) < - Y1 = Yall22 (0 (mr, (1)) x D) >
from which (6.5.96) follows. O

Now, let us build some solutions X, n and ¢ in each sub-interval. To this purpose, we choose

7 > 0 such that the constant appearing in (6.5.96) is less than 1, for example

1
T = TP

Firstly, we focus on [0, 7]: taking into account the remarks that we have just made, it is well
defined the function

By : L2 (2 x (0,7) x D) = L2 (2 x (0,7) x D), ®(Y):=X, (6.5.97)

where X is the unique solution to (6.5.90)—(6.5.95) with the choices a = 0 and b = 7, with X
given by (6.2.20). It is clear that X is a solution of problem (6.2.24) in [0, 7] if and only if it is
a fixed point for ®y. Thanks to the estimate (6.5.96) and the choice of 7, ®q is a contraction:

hence, it has a fixed point
XO© e L2(Q; L0, 7; H)) N LP (Q x (0,7); V),
with P-almost surely weakly continuous paths in H, which solves (6.2.24) with certain
n®eLi(Qx0,7)xD)?, 9 el*Qx(0,7)x D).

Secondly, let us focus on [r,27], set X, := X (1) (which is in L?*(Q, F,,P; H) since X ©)
is adapted) and define the function

QL2 (% (1,27) x D) = L* (Q x (1,27) x D), ®1(Y):=X, (6.5.98)

where X is the solution to (6.5.90)—(6.5.95) with the choices a = 7 and b = 27. As we have

already done, thanks to the estimate (6.5.96) and the same choice of 7, ®; is a contraction:
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hence, it has a fixed point
XU e L2(Q; L>®(,2r; H)) N LP (2 x (1,271); V) ,
with P-almost surely weakly continuous paths in H, which is a solution of (6.2.24) with certain
e Li@Qx(r,2r)x D), €D el Qx(r,27) x D) .

Suppose by induction that we have built the triplets until step m—1, i.e. (X© 5@ ¢©)y
(X (m=1) p(m=1) ¢(m=1)y " To proceed, we focus on the interval [mr, (m + 1)7], set X, =
XM= (m7) (which is in L?(Q, Fpnr,P; H) since X (™~1 is adapted) and define the function

®,, : L2 (Q x (m7, (m +1)7) x D) = L? (Q x (m7, (m + 1)7) x D), (6.5.99)

which maps Y into X, where X is the solution to (6.5.90)—(6.5.95) with the choices a = mr
and b = (m + 1)7. Now, ®,, is a contraction thanks to (6.5.96) and the choice of 7, so it has a

fixed point
X e L2 (Q; L= (mr, (m + 1)1 H)) N LP (Q x (m, (m + 1)7); V) -
with P-almost surely weakly continuous paths in H, which is a solution of (6.2.24) with certain
™ e LY(Q x (mr,(m+17r) x D), €™ e LY (Q x (mr, (m + 1)7) x D) .

In this way, we can define the triplet (X,7,£) by setting, as it is natural, (X,n,§) =
(X ) p(m) ety in Q x [mr, (m+1)7) x D for every m € N until we reach T bearing in mind
how we have built (X (m) p(m), f(m)), it is clear that X, n and £ are well-defined and solve the
problem with multiplicative noise.

Finally, if we do not assume (6.2.6), it is clear that, using the same argument, the respective
solutions constructed in this way are well-defined and satisfy conditions (6.2.14) and (6.2.25)
instead of (6.2.7) and (6.2.24), respectively.

6.5.2 Continuous dependence on the initial datum

We present here the proof of the continuous dependence results contained in the last part of
Theorem 6.2.7. Here, we repeat exactly the same argument of Section 6.4 with the choices
B; := B(-, X1) and Bs := (-, X2).

If (6.2.6) is assumed, for any given 7 > 0, the same computations on the interval (0,7) get

us to
2
X1 = Xol[72(0: 150 (0,7 1))
2 2
<c ||X01 - X02||L2(Q;H) +c HB(Xl) - B(XZ)||L2(Q><(O,T);$2(U,H))
for a constant ¢ > 0 independent of 7; using the Lipschitz continuity of B we obtain

9 2 2
1% = Xallz2 (im0 0,msmy) < €1 X0 = X5 |2y + €7 1K1 = Xallz2 (0,100 (0,m01) -

c
92
clearly to iterate the procedure on the following intervals [7, 27], [27,37], ... until we reach the

Hence, choosing for example 7 = £, we get the desired relation on the interval [0, 7]. The idea is
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final time T, so that (6.2.26) is proved. The important point that we have to check is that the
choice of 7 can be made uniformly with respect to each sub-interval, but this is not difficult: as

a matter of fact, for any n > 1, performing the same computations on [n7, (n 4+ 1)7] we obtain

2 2
X1 = Xallza @i poe (nr (n1yminyy < €lIX1(n7) = Xa ()72 0
2
+er|[ X1 - X2||L2(Q;Loo(m,(n+1)T;H)) )

for the same constant ¢, from which we deduce that the choice of 7 is independent of n, and one
can easily conclude by induction on n. As we did in Section 6.4, if X = X}, then by (6.2.26)
we have X; = X, and hypothesis (6.2.6) also ensures n; = 72 and & = &.

Secondly, if (6.2.6) is not assumed, proceeding as in the final part of Section 6.4 we get for
every t € [0,T] that

1 X1(t) — XQ(t)”i?(Q;H)

t
2 2
<||Xg - X(?HLZ(Q;H) +/0 [(B(X1) = B(X2))(s) 120,220, m)) 45

from which (6.2.27) follows using the Lipschitz continuity of B and the Gronwall lemma. Finally,
if X = X{, then by (6.2.27) X; = X5 and consequently —divn; + & = —divng + &.

6.6 An integration-by-parts formula

The aim of this section is to give a complete proof of the generalized testing formula contained
in equation (6.3.74): throughout the section, we assume to work with the notations and setting
of Section 6.3.5. Here, € € (0,1) and w € 2 are fixed as usual.

The main point is that we cannot directly test equation (6.3.68) by X — W§g, as we did
in Section 6.3.2, since the regularity of X< is not sufficient: more specifically, 0,(X¢ — W§) is
only intended in V* and we would need that X¢ — W5 takes values in Vj, but this is not the
case. However, by condition (6.3.73) and the regularities of X¢, W§ and 7°, all the terms in
(6.3.74) make sense: hence, the intuitive idea is that (6.3.74) holds at least in a formal way.
To give a rigorous proof of it, a natural way could be to try to pass to the limit as A N\, 0 in
(6.3.40): however, it is not necessarily true in our framework that equation (6.3.40) converges
to (6.3.74) as A N\, 0, so this approach does not work. Hence, the idea is to see (6.3.74) as a
limit problem as § N\, 0, for another parameter ¢, such that the approximations in § have good
smoothing properties and behave better that the approximations in A. In this sense, a similar
approach was presented in [12], where the approximations were built using suitable powers of
the resolvent of the Laplacian. However, in our case we have to approximate also elements
in W=14(D) (namely, —div7®) and the resolvent of the laplacian does not work since —A is
not coercive on V: the idea is thus to identify another suitable space, in which (6.3.68) can
be intended, and to define appropriate approximations on it. To this purpose, we need some
preparatory work.

First of all, note that the operator —div : LI(D)¢ — V* is linear, continuous and satisfies

= divally. < HUHLq(D) for every u € Lq(D)d. Let us define the space
Vi, ={—divu:ue LYD)*} CV*.

Secondly, we introduce the space V;j;, + L'(D) as the subspace of Vj given by all the formal

linear combinations of elements in Vj;, and L'(D). With this notations, we can note that
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equation (6.3.68) actually holds in V}; + L*(D): in other words, for every ¢ € [0, T], we have

(X5 - WE) (1) + /0 (= divi(s) + €(s)) ds = Xo in Vi, + LX(D). (6.6.100)

Hence, the idea is that it is sufficient to identify a way to approximate only elements in Vj; +
LY(D), and not any element of V', which would be much more demanding.

To this end, for every § € (0,1), let Rs := (I — 6A)~! be the resolvent of the Laplace
operator. It is well-known that for every r € [1,+00), Rs : L"(D) — L"(D) is a linear
contraction converging to the identity as § \, 0 in the strong operator topology (the reader can
refer to [10,15,24]). In this setting, we define the operator Rs : L"(D)¢ — L" (D) extending R
component-by-component: consequently, we easily deduce that also R is a linear contraction
on L"(D)? converging to the identity as 6 \, 0. With this notations, we have the following

result.

Lemma 6.6.1. For every u € LY(D)? such that —divu € L*(D) (in the distributional sense),
we have

—divRsu = Rs (—divu) .

Moreover, for every f € HY(D), we have
VRsf =RsVSf.

Proof. Let us first assume that u € (CSO(D))d: then, using the definition of Rs and Ry,
integration by parts and the fact that Rs commutes with A, for every ¢ € C°(D) we have

d d
. dy Op
—divu gpz/wago: /ui—: / Rsu; — 0ARsu;) ——
/D( ) D ; p Oz ; D( )8$i
:/ Rgu-ch—Fd/ A(div Rsu)p
D D

= / [— div Rsu — A(— div Rsu)] ¢ .
D

Hence, by definition of the resolvent, we deduce that —divRsu = Rs(—divu) for every u €
(C(D))%. At this point, if u € LI(D)? and —divu € L'(D), the first thesis follows by
approximating u with a sequence {u,}neny C (C(D))? such that u, — u in L¢(D)? and
—divu, — —divu in L(D). Finally, in a similar way, the second assertion is clearly true for
every f € C*(D): hence, given f € H'(D), we can conclude by density approximating f with

a sequence { f,, }nen € C(D). O

Now, for every 6 € (0, 1), we introduce the operator
A<15 : Vd*i'u - Vd’;v
in the following way: for any given f € Vj;, , with f = —divu for a certain u € LI(D)?,
we set A}f := —divRsu. Note that A} is well-defined: indeed, if f = —divu; = —divus,
we have —div(u; — uz) = 0 and by Lemma 6.6.1 we deduce that 0 = Rs(—div(u; — ug)) =
—div(Rs(u1 — ug)), so that —div Rsu; = — div Rsug. Secondly, we set

A?:LY(D) — LY(D), A}:=R;.
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The first part of Lemma 6.6.1 ensures that A} = A% on the intersection V,, N L'(D): hence, it

is well-defined the operator
As = Aj+ A3 :Vj, + LY(D) -V}, + LY(D) (6.6.101)
such that
As(—divu) = —divRsu, As(f)=Rsf Yuec LIYD), fe LY(D), (6.6.102)

which is automatically linear.

We are now ready to build the approximations. First of all, we choose k € N as in the
defintion of Vp, so that the k-th power RY maps H into Vo C V N L*°(D). At this point, we
define

X5 =REX®, W§=REWg, ni:=Rlyf, & =Rk, XJ:=REX,:

then, taking into account the properties of Rs and Rs and the second part of Lemma 6.6.1, by
the regularities of the processes in play we have as § \, 0 that

XE(t) > X5(t) in H Yte[0,T], X:—X° inLP(0,T;V) (6.6.103)
Ws(t) - We(t) inH Vtel0,T], W§—Wg inLP(0,T;V), (6.6.104)
ng—n° in LYQ)Y, & —¢€ in LYQ), (6.6.105)
X+ X, inH. (6.6.106)
Now, applying the operator A% to equation (6.6.100), we get for every t € [0, 7] that
t t
(X2 — WE) (1) - /0 div e (s) ds + /O €5(s)ds = X3 (6.6.107)

With our choice of &, it now makes sense to test by X5 — Wy: it easily follows that

1 1 2

S X5~ WE I + /Q Vilg -V (X§ — W§) + /Q & (G - W) = 5 1XE15 . (6.6.108)
from which, taking into account (6.6.103)—(6.6.106), we deduce that

Jim | 650X~ W) = S Il — 5 1X ~WRITIIG — [ VoV (X W) (6.6109)
In order to evaluate the limit in the previous expression, we take advantage of Vitali convergence
theorem: to this purpose, thanks to (6.6.103)—(6.6.105), we can assume with no restriction that
& — &€ and X5 — W§ — X° — W5 almost everywhere in (). Let us show that {£5(X§ —
W5)}se(o,1) is uniformly integrable in @Q: thanks to the generalized Jensen inequality for the

positive operator Rs (see [40,41] for references), we have

£65(X5 —W5) < J(£(X5 —W5)) +57(85) =3 (X5 = W5) +57(&5)
<SR (XF=Wi) +57(6)] aein@.
Now, since j(X¢ — W§g),j*(£°) € L'(Q) thanks to (6.3.71) and (6.3.39), the right hand side

of the previous expression converges in L'(Q) and consequently it is uniformly integrable in
Q: we deduce that also {£5(X§5 — W5)}se(0,1) is uniformly integrable in Q. Hence, by Vitali
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convergence theorem, we infer that
& (X5 —W5) = &€ (X" =Wj) inLY(Q) asd\0,

so that passing to the limit in (6.6.109) we recover exactly (6.3.74).

6.7 The generalized 1t6 formula

In this section, we prove a generalized It6 formula, which is widely used in Sections 6.3.7 and

6.4: we collect the general result in the following proposition.

Proposition 6.7.1. Assume the following conditions:

Yy € L? (Q, Fo,P; H) (6.7.110)
TelL? (Q x (0,T); £*(U, H)) progressively measurable (6.7.111)
Y € L? (Q;L>(0,T; H) N LP (2 x (0,T); V) , YeCy,(0,T;H) P-as., (6.7.112)
FeELI@Qx(0,T)x D), geL'(Qx(0,T)x D), (6.7.113)
Ja>0: j@Y)+j*(ag) € L' (Qx (0,T) x D), (6.7.114)

t t t
Y(t) - / div f(s) ds +/ o(s)ds = Yo +/ T(s)dW, in Vg (6.7.115)

0 0 0

for every t € [0,T], P-almost surely. Then, the following Ité formula holds
,||y HH //f -VY(s ds+//

(6.7.116)

S0+ 5 [ 1Ty ds+ / (¥V(5). T(5)dIV.)

for every t € [0,T], P-almost surely. Furthermore, if hypothesis (6.7.112) is replaced by the

weaker condition
Y € L™ (0,T; L*(Q; H)) N LP (2 x (0,T); V) N Cy, ([0,T); L*( H)) (6.7.117)

then instead of (6.7.116) we have the following for every t € [0,T)]:

Q><D Q><D

(6.7.118)
2 2
= 5 HY0||L2(Q;H) + 5/0 ||T(8)||L2(Q;$2(U,H)) ds.

Proof. We proceed exactly in the same way as in Section 6.6. If k is given by the definition of
Vo and for every 6 € (0,1), Rs and Ry are as in Section 6.6, we define

Y5 = RZ?Y, Ts := R?T, f5 = ngf» gs _Réga Yoé = R§Y0 :
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hence, thanks to (6.7.110)—(6.7.113) and Lemma 6.6.1 we have as § \, 0

Y5(t) = Y(t) in H forevery ¢t € [0,T], P-almost surely, (6.7.119)
Ys =Y inLP(Qx (0,T);V) (6.7.120)

Ts —T in L*(Qx (0,7);2%(U H)) , (6.7.121)

fs—=f mLIQxQ)*, g—g inL'(QxQ), (6.7.122)

Ye =Yy in L3(Q;H). (6.7.123)

Consequently, if we apply the operator A¥ to (6.7.115), taking definition (6.6.101)—(6.6.102)

into account, we have P-almost surely that

t t t
—/ divf(;(s)ds—k/ g5(5)dS=Y06+/ Ts(s)dW, in H, Vtel0,T].
0 0 0

Now, with our choice of k, we can apply the classical It6 formula (see [56] for example) to

recover that P-almost surely, for every ¢ € [0, T,

SV + //fa ) V¥5(s d8+//95 Yi(s

(6.7.124)
SV + 5 [ TG s + / (¥3(). To(s) W)

Now, let us focus on the stochastic integral: we have

/ (Ys(s), Ts(s) dWV,) — / (¥ (5). T(s) W)
0 0
_ / (Y3(s), (Ts — T)(s) dW.) + / (Vs — Y)(s), T(s) dW.) |
0 0

where thanks to the Davis inequality and (6.7.120)—(6.7.121) we have (renominating the positive

constant c)

E sup
te[0,T)

/0 (Y (s), (T5 — T)(s) V)

T 1/2
< cE (/0 Y5 ()17 1(T5 = T)(8) 2 0710 dS)

< el Ts = Tll 2o o,m).22w,my) = 0

and, by the dominated convergence theorem, also

2

t
E sup / (Vs = Y)(s), T, dW,)
te[0,7] |J0
1/2
< cE (/ 1¥s = V)OI T2 ds) 0.

Hence, we have [, (Ys(s),T5(s) dW,) — [3(Y(s),T(s)dWs) in L*(€; L>(0,T)), so that conse-

quently (at least for a subsequence)

/ (Ys(s), Ts(s) dWs) — / (Y(s),T(s)dWs) for every t € [0,T], P-as.
0 0
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Hence, letting § N\, 0 and taking into account (6.7.119)—(6.7.123), P-almost surely we have

. 1 1 [t t
lim 0% = 5 Yolls + 5 [ 17O ds+ [ (V). T(5)dW.)
O J(0,eyx D 2 2 /o ’ 0 (6.7.125)

1
5 HY(t)”iI - / fs-VY forevery te€[0,T] :
(0,t)xD

we evaluate the limit on the left hand side using Vitali’s convergence theorem. To this purpose,
by (6.7.119) and (6.7.122) we can assume with no restriction that Y5 — Y and g5 — ¢ almost
everywhere in 2 x (0,t) x D; moreover, thanks to the generalized Jensen inequality for positive

operators (see [40,41]), we have
+a’gsYs < j (£aY5) + 57 (ags) = j (a¥s) + " (ags) < RF[j(aY) + 57 (ag)] -

Thanks to (6.7.114) and the properties of Rs, the term on the right hand side converges
in L'(Q x (0,t) x D), hence it is uniformly integrable: consequently, we deduce that also

{95Ys}s5€(0,1) 1s uniformly integrable, and Vitali’s convergence theorem implies that
g5Ys — gY in L' (Q x (0,t) x D), asd\,0,

so that passing to the limit in (6.7.125) we obtain (6.7.116).
To show (6.7.118), we proceed in a very similar way: note that since (6.7.112) is replaced by
(6.7.117), then instead of (6.7.119) we have

Ys(t) = Y (t) in L*(Q;H), for everyt € [0,T].

Once we have obtained (6.7.124) as before, we observe that the stochastic integral in (6.7.124) is
a local martingale, so that there exists a sequence of increasing stopping times {7, } nen such that
Tn " 00 and the corresponding stopped processes are martingales: hence, stopping (6.7.124)
at time 7,, taking expectations and then letting n — oo, thanks to dominated convergence

theorem we directly obtain for every ¢ € [0, 7]
1 ) ¢ t
SO + [ [ 5 I ds+ [ gs(sviords
0 JaxD 0 JOxD

1yosi2 I 2
= 5 IV namy + 5 | 1Ty

At this point, (6.7.118) follows as before letting § N\, 0 in the previous equation. O






Chapter 7

Singular equations in divergence

form

In this chapter, we prove existence and uniqueness of strong solutions, as well as continuous
dependence on the initial datum, for a class of fully nonlinear second-order stochastic PDEs
with drift in divergence form. Due to rather general assumptions on the growth of the nonlin-
earity in the drift, which, in particular, is allowed to grow faster than polynomially, existing
techniques are not applicable. A well-posedness result is obtained through a combination of a
priori estimates on regularized equations, interpreted both as stochastic equations as well as
deterministic equations with random coefficients, and weak compactness arguments. The result
is essentially sharp, in the sense that no extra hypotheses are needed, bar continuity of the
nonlinear function in the drift, with respect to the deterministic theory.

The results presented in this chapter are part of the joint work [67] with Carlo Marinelli, to

appear on Stochastics & Partial Differential Equations: Analysis and Computations.

7.1 The problem: literature and main goals

Let us consider the nonlinear stochastic partial differential equation
du(t) — divy(Vu(t)) dt = B(t,u(t)) dW (¢), u(0) = uyg, (7.1.1)

on L?(D), where D C R? is a bounded domain with smooth boundary. Here 7 is the gradient of
a continuously differentiable convex function on R% growing faster than linearly at infinity, the
divergence is interpreted in the usual variational sense, W is a cylindrical Wiener process, and
B is a map with values in the space of Hilbert-Schmidt operators satisfying suitable Lipschitz
continuity hypotheses. Precise assumptions on the data of the problem are given in §7.2 below.

Our main result is the well-posedness of (7.1.1), in the strong probabilistic sense, without
any polynomial growth condition on v nor any boundedness assumption on the noise (see
Theorem 7.2.2 below). The lack of growth and coercivity assumptions on v makes it impossible
to apply the variational approach by Pardoux and Krylov-Rozovskil (see [46,72]), which is
the only known general technique to solve nonlinear stochastic PDEs without linear terms in
the drift such as (7.1.1), with the possible exception of viscosity solutions, a theory of which,
however, does not seem to be available for such equations. On the other hand, we recall that,
if v is coercive and has polynomial growth, the results in op. cit. provide a fully satisfactory

well-posedness result for (7.1.1).

159
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The available literature dealing with stochastic equations in divergence form such as (7.1.1)
is very limited and, to the best of our knowledge, entirely focused on the case where ~y satisfies
the above-mentioned coercivity and growth assumptions: see, e.g., [54] and the bibliography
of [56] for results on the p-Laplace equation, which corresponds to the case y(x) = |z|P~ 1z,
and Chapter 6 on stochastic equations in divergence form with doubly nonlinear drift. The
main novelty of this chapter is thus to provide a satisfactory well-posedness result in the strong
sense for such divergence-form equations under neither coercivity nor growth assumptions on
7. On the other hand, it is worth recalling that well-posedness results are available for other
classes of monotone SPDEs with nonlinearities satisfying no coercivity and growth conditions,
most notably the stochastic porous media equation: see, e.g., [12]. However, the structure
of divergence-form equations such as (7.1.1) is radically different. Indeed, as is well-known,
the porous media operator is quasilinear, while the divergence-type operator in (7.1.1) is fully
nonlinear. Moreover, the monotonicity properties (hence the dynamics associated to the the
solutions) are different: the porous media operator is monotone in H ~!, whereas the divergence-

form operator is monotone in L2.

As is often the case in the treatment of evolution equations of monotone type, the first step
consists in the regularization of (7.1.1), replacing v with its Yosida approximation (a monotone
Lipschitz-continuous function), thus obtaining a family of equations for which well-posedness
is known to hold (in our case, we also need to add a “small” elliptic term in the drift as well
as to smooth the diffusion coefficient B). In a second step, one proves that the solutions to
the regularized equations are compact in suitable topologies, so that, by passage to the limit in
the regularization parameters (roughly speaking), a process can be constructed that, in a final
step, is shown to actually be the unique solution to (7.1.1) and to depend continuously on the
initial datum. It is well known that the last two steps are the more challenging ones, and our

problem is no exception.

The approach we follow combines elements of the variational method and ad hoc arguments,
most notably a priori estimates on the solutions to regularized equations, weak compactness
techniques, and a generalized version of It6’s formula for the square of the norm under minimal
integrability assumptions. A crucial role is played by a mix of pathwise and “averaged” a
priori estimates. Even though the approach is reminiscent of that in Chapter 2, the problem we
consider here is of a completely different nature, and, correspondingly, new ideas are needed.
In particular, the absence of a linear term in the drift precludes the possibility of applying
a wealth of techniques available for semi-linear problems. For instance, the strong pathwise
compactness criteria used in Chapter 2 are no longer available, so that we have to rely on weak
compactness arguments only. This way one can construct a limit process, but its identification
as a solution expectedly presents major new issues with respect to the case where stronger
compactness is available. Moreover, a rather subtle measurability problem arises from the fact
that the divergence is not injective, which is the reason for assuming v to be a continuous
monotone map, and not just a maximal monotone graph on R? x R%. A (less regular) solution
to the more general problem when ~ satisfies only the latter condition will appear elsewhere.
We remark that the results obtained here hold under hypotheses that are as general as those of

the deterministic theory, except for the continuity assumption on v (see, e.g., [10, pp. 207-f]).

*That is, in expectation.
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7.2 Main result

Given a positive real number 7', let (2, .7, (F¢)c(0,1),P) be a filtered probability space, fixed
throughout, satisfying the so-called “usual conditions”. We shall denote a cylindrical Wiener

process on a separable Hilbert space H by W.

Let D be a smooth bounded domain of R¢, and assume that a map
B:Qx[0,T] x L*(D) — £*(H,L*(D))
is given such that, for a constant C' > 0,

HB(w,t,z)—B(w,t,y DY) SCHx—

)H;ZZ(H,L?( y||L2(D)

for all w € Q, t € [0,7], x,y € L?(D). To avoid trivial situations, we also assume that, for an
xo € L?(D), B(w,t,79) < C for all w and ¢. This implies that B grows at most linearly in z,
uniformly over w and ¢. Furthermore, the map (w,t) — B(w,t, z)h is assumed to be measurable
and adapted for all z € L?(D) and h € H.

We assume that v is the subdifferential of a continuously differentiable convex function
k:R? — R, such that k(0) = 0,

k(z)
= —|—OO
(i.e. k is superlinear at infinity), and
k(—
lim sup (-2) < 00

Then 7 : R — R? is a continuous maximal monotone map, i.e.

(v(@)=(y) (x—y) >0  Vz,yeR"

(the centered dot stands for the Euclidean scalar product in R?), and (the graph of) +y is maximal
with respect to the order by inclusion. Moreover, the convex conjugate function k* : R — R,
of k, defined as

k*(y) = sup (y-r—k(r),

is itself convex and superlinear at infinity. For these facts of convex analysis, as well as those

used in the sequel, we refer to, e.g., [42].

All assumptions on B and 7 (hence also on k) are assumed to be in force from now on.

Definition 7.2.1. Let ug be an L?-valued Fo-measurable random variable. A strong solution

to equation (7.1.1) is a process u : Q x [0,T] — L?(D) satisfying the following properties:
(i) u is measurable, adapted and

we L0, T; W' (D))

(i1) B(-,u)h is measurable and adapted for all h € H and

B(-,u) € L*(0,T; £*(H,L*(D)))  P-a.s;
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(iii) v(Vu) is an L'(D)®-valued measurable adapted process with

v(Vu) € LY0,T; LY (D)) P-a.s;
(iv) one has, as an equality in L*(D),

u(t) — /0 divy(Vu(s)) ds = ug + /0 B(s,u(s)) dW (s) P-a.s. (7.2.2)

for allt €10,T7.

Since v(Vu) is only assumed to take values in L'(D)?, the second term on the left-hand
side of (7.2.2) does not belong, a priori, to L?(D). The identity (7.2.2) has to be interpreted
to hold in the sense of distributions, so that the term containing (Vu) takes values in L?(D)
by difference. In fact, the conditions on B in (i) imply that the stochastic integral in (7.2.2) is
an L?(D)-valued local martingale.

Let ¢ be the set of measurable adapted processes ¢ : Q x [0, 7] — L?(D) such that

T
2
Esup][¢(0)]] o) +JE/O 16Oy e < o0,
T
E//\V(W(tw))ydazdt@q
0 JD

E /0 /D (K(Vo(t, 2)) + K (1(Vo(t, 2)))) d df < oo.

Our main result is the following.

Theorem 7.2.2. Let ug € L*(Q;L*(D)) be Fo-measurable. Then (7.1.1) admits a strong
solution u, which is unique within /. Moreover, u has weakly continuous paths in L*(D) and
the solution map ug v+ u is Lipschitz-continuous from L?(2; L?(D)) to L?(Q; L>°(0,T; L*(D))).

We do not know whether well-posedness continues to hold also without the condition that the

solution belongs to J#". This assumption, in fact, plays a crucial role in the proof of uniqueness.

Abbreviated notation for function spaces will be used from now on: Lebesgue and Sobolev
spaces on D will be denoted without explicit mention of D itself; for any p € [1,00], LP(Q2) will
be denoted by ILP, LP(0,T) by L¥, and LP(D) sometimes by LP. Mixed-norm spaces will be
denoted just by juxtaposition, e.g. ILPL{L} to mean L?(Q; L(0,T;L"(D))) and L; , to mean
LY([0,T] x D).

7.3 An It6 formula for the square of the norm

We prove an Ité formula for the square of the L?-norm of a class of processes with minimal
integrability conditions. This is an essential tool to prove uniqueness of strong solutions and
their continuous dependence on the initial datum in Sections 7.5 and 7.6 below, and it is

interesting in its own right.

Proposition 7.3.1. Assume that

y(t) + a/o y(s)ds —/0 div((s)ds = yo +/O C(s)dW(s)
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holds in L? for all t € [0,T) P-a.s., where a > 0 is a constant,
y:Qx[0,T] — L ¢:Qx[0,T] = L, C:Qx[0,T] — ZL%H,L?
are measurable adapted processes such that
ye LPLPLANLALIW, !, (eL'L},, C e L’L?4%(H,L?),

and yo is an Fo-measurable L2-valued random variable with El|yo||® < co. If there exists a

constant ¢ > 0 such that .
E/ / (k(cVy) + k*(cC)) < oo,
0o JD
then

Sl +o [l Pas+ [ [ cs.0)- Vuts.z) dwas

1 1 t 9 t
= 510+ 5 [ NCO ooy s+ [ w0 aW ()

for all t € [0,T] P-almost surely.

Proof. Note that div( € (WO1 "Y', hence, by Sobolev embedding theorems and duality, there
exists a positive integer r such that div{ € H~". Therefore, denoting the Dirichlet Laplacian
on L?(D) by A, there also exists a positive integer m such that (I —§A)~™, ¢ > 0, maps H "
and (a fortiori) L? to Hj N1, Using the notation ho := (I —§A)~™h, it is readily seen that

t

o L - tiv‘ss 5=y o(s s
y<t>+a/0y<s>ds /od ¢(s)d yo+/0T<>dW<>

for all t € [0, 7] P-a.s. as an identity in L?, for which Itd’s formula yields

16 ? at‘;sZs t J. J
sl @l wo [l ass [ ¢

1 1 [t ¢
= §||yg||2+§/0 HC(S(S) ;2(H,L2)d8+/0 yé(s)cé(s)dW(s)

for all ¢ € [0,T] P-almost surely. We are going to pass to the limit as § — 0 in this identity.

The dominated convergence theorem immediately implies that, P-a.s.,
[y @I — [y

tésZS ! 2 ds
LI s — [yt as

t t
JACC Py A O

)

for all t € [0, 7], and ||yd||> — ||lyol/®, as § — 0. Defining the real local martingales
M= (fCP) W, M= (yO)- W,

we are going to show that

Esup|M°(t) — M(t)| — 0
t<T
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as § — 0. In fact, Davis’ inequality for local martingales (see, e.g., [61]) yields

1/2

Esup|M°(t) — M(t)| SE[M°® — M, M° — M|

t<T
’ 5 5 2 1z
=5 ( [ 000 W OCO gz t)
and one has, identifying .#?(H,R) with H and recalling that (I — §A)~™ is contractive in L2,

[4°C° —yC|, < |lv°C° =y°Clly, + lv°C = yC ||,

< (fggny(t)n) 1C% — Oll ygyr.zoy + I5°C = 4C -

so that

1/2

T 2
+E( o —y(t»cu)HHdt)

It follows by the Cauchy-Schwarz inequality that the first term on the right-hand side is domi-
nated by

1/2 T ) 1/2
E )7 IE/ )= s dt) ,
(Esupl0l?) ™ (= [ e ® = ol

which converges to zero by properties of Hilbert-Schmidt operators and the dominated conver-

gence theorem. Moreover,
l6° @) = y@)C® S MO ICON a1
and y € L°L2, C € L?.#(H, L?) P-a.s. imply, by dominated convergence, that
T )
| lwt® - vocw e —o

P-a.s. as § — 0. Since

1/2

T F) 2 1/2 T 2
([ @ - sncwlyar) < swls@I( [ 160000 )
0 t<T 0 ’
and, by the Cauchy-Schwarz inequality,
T ) 1/2
Esu t C()|| e o dt
suplly ([ 1O o 12
/2

N\ 1/2 T 9 L
< (Etsg\ly(t)\\ ) <]E/O HO(t)H_f’Z(H’Lz)dt) < 00,

again by dominated convergence it follows that

T ) 1/2
E(/O 1° () = y)CO[ dt) —0
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as 6 — 0. We have thus shown that EsuptST‘M‘S (t) — M(t)‘ — as § — 0, hence, in particular,
that

/ ¥ (5)C7 () W (5) — / y()C(s) V¥ (s)
0 0

in probability as & — 0 for all ¢ € [0, T].

To complete the proof, we are going to show that VY?-¢® — VY -¢ in L'L} ,, which readily

tx’

implies that

/Ot/DVyé(S,:E)'Cé(sw)dmds—>/Ot/DVy(s7x).C(s7$)dxd8

in probability for all ¢ € [0,7]. Since Vy° — Vy and ¢° — ¢ in measure in  x (0,7) x D, in
view of Vitali’s theorem, it suffices to prove that the sequence (Vy° - ¢°) is uniformly integrable
in 2 x (0,7) x D. One has
A(Vy - (%) < k(eVy®) + k™ (%),
—cz(Vy‘; ¢ ) k(c(—=Vy )) +k*(c§6)

hence

ANV O S k(eVy®) + k(c(—=Vy®)) + k™ (c¢?)
S1+k(eVy®) + k* (e¢?),

where the second inequality follows by the hypothesis limsup, . k(—2)/k(z) < co. By

Jensen’s inequality for sub-Markovian operators (see [41, Theorem 3.4]) we also have

(ch) k((I—6A)"™cVy) < (I —58A)""k(cVy),
K (e¢®) = k*((I = 8A)7"eC) < (I —6A)7"k" (<),

hence

A|Vy’ - Ol S 1+ (I —6A)"™(k(cVy) + k*(c()),
where the right-hand side is uniformly integrable because it converges in L'L} , as § — 0. This
yields that (Vy° - ¢?) is uniformly integrable as well, thus concluding the proof. O

7.4 Well-posedness for an auxiliary SPDE

Let Vj be a separable Hilbert space, densely and continuously embedded in H}, and continuously
embedded in W, The Sobolev embedding theorem easily implies that such a space indeed

exists.

We are going to prove that the auxiliary equation
du(t) — divy(Vu(t)) dt = G(t) dW (t), u(0) = uy, (7.4.3)

where G is an £?(U, Vj)-valued process, is well posed.

Proposition 7.4.1. Assume that ug € L*(L?) is Fo-measurable and that G : Q x [0,T] —
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L2(U,Vy) is measurable and adapted, with

T
2
E/O |G 24t < 0.
Then equation (7.4.3) admits a unique strong solution u such that
T

E suplu(t)||* + E/ Hu(t)HW1,1 dt < oo,

t<T 0 0

T

E/O H’y(Vu(t))HL1 dt < o0,

T
/ (||/<;(Vu(t))||L1 + ||k*(7(Vu(t)))||L1 dt) < oo P-almost surely.

0

Moreover, the paths of u are P-a.s. weakly continuous with values in L.

The assumptions of Proposition 7.4.1 are (tacitly) assumed to hold throughout the section.

The proof will be given after some preliminary results.

Let 75 : R — R, X > 0, be the Yosida regularization of v, i.e.

(I—(I+x)71), A>0,

> =

=
and consider the regularized equation
duy(t) — divya(Vuy (b)) dt — Muy(t) dt = G(t) dW (1), ux(0) = ug.
Since ) is monotone and Lipschitz-continuous, it is not difficult to check that the operator
v — —(divya (Vo) + AAv)

satisfies the conditions of the classical variational approach by Pardoux, Krylov and Rozovskii
[46,72] on the Gelfand triple H} < L? < H~!, hence there exists a unique adapted process

uy with values in H{ such that

T
2 2
Bl + B [ )]y e < o0
and
t t t
uA(t)—/ diV'yA(Vu)\(s))ds—)\/ Au)\(s)ds:uo—i—/ G(s)dW(s) (7.4.4)
0 0 0

in H=! for all ¢t € [0, 7.

7.4.1 A priori estimates

We are now going to establish several a priori estimates for uy and related processes, both
pathwise and in expectation.
We begin with a simple maximal estimate for stochastic integrals that will be used several

times in the sequel.

Lemma 7.4.2. Let U, H, K be separable Hilbert spaces. If

F:Qx[0,T] — ¥ (H,K), G:Qx[0,T] — L*U,H)
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are measurable and adapted processes such that

T
2 2
E?;gHF(t)HZ(H,K) +E/o |G(2) 22,y A< 00,

then, for any e > 0,

/0 F(s)G(s)dW(s)

E sup

t<T K

T
< eEsup|F(t)|’ N E/ G|y g, dt-
S € ?gg” ( )||$(H,K) + (5) 0 || ( )Hf (U,H)

Proof. By the ideal property of Hilbert-Schmidt operators (see, e.g., [20, p. V.52]), one has

’|F(3)G(S)H$2(U,K) = ||F(S)H.$(H,K)HG(S)H$2(U,H)

= jggHF(S)Hz(H,K)HG(S)Hz%U,H)

for all s € [0,T], hence

T 2 2 T 2
L PG ey 85 < sl POy [ 16 g

where the right-hand side is finite P-a.s. thanks to the assumptions on F and G. Then (FG)-W

is a K-valued local martingale, for which Davis’ inequality yields

1/2
E sup T

t<T

/O F(s)G(s) dW (s)

SE[(FG)- W, (FG)- W]
K

= E( / NPOEE e ds) "

T ) 1/2
< EFl e ([ 16O )

The proof is finished invoking the elementary inequality

1
ab < (5@2 + ng) Va,b e R, € >0,

N =

and choosing ¢ properly. O

The estimate in the previous lemma will be used only in the case K = R. The more general

proof we have given is not more complicated than in the simpler case actually needed.

Lemma 7.4.3. There exists a constant N such that

lurllgzc, s + A2V ullgars, + 2 (T2) - Vaallgap,y

<V (0l + 19 )
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Proof. 1t6’s formula yields

|‘u>\(t)||2—|—2/o/D'y(Vu>\(s))~Vu>\(s)dxds—|—2)\/o HVu)\(s)Hst
9 ¢ I 2
= ol +2 [ (G0 W) + 5 [ 1G5

where u) in the stochastic integral on the right-hand side has to be interpreted as taking values

in Z(L? R) ~ L?. Taking supremum in time and expectation we get

T
Elluslf?, . +E / / (Vua(s)) - Vur(s) da ds + AE[|Vun | 7,

H,L2) te[0,T)

/0 ux(s)G(s) dW (s)|,

where, by Lemma 1.5.1,

E sup

T
2 2
s < Bl + NOE [ GO a1 8

/o ux(s)G(s) dW (s)

for any € > 0. The proof is completed choosing £ small enough and recalling that -, is

monotone. O

Lemma 7.4.4. The families (Vuy) and (ya(Vuy)) are relatively weakly compact in L'L; .
Proof. Recall that, for any y, r € R%, ones has k(y)+k*(r) = -y if and only if € 9k(y) = v(y).

Therefore, since
() €0k((I+ M) 'z) =v(I+ ) 'z)  VzeR",
we deduce, by the definition of 7y, that

k(([ + )w)flx) + k* (w(x)) =w(z) - I+ M)tz
=y(z) x— /\|'y>\(:c)|2 < t(z)-x Va € RY, (7.4.5)

By Lemma 7.4.3 we infer that there exists a constant IV, independent of A, such that

E/OT/DI@*(%(VW)) SIE/OT/D%\(Vu,\)-Vu,\ <N.

Since k* is superlinear at infinity, the family (yx(Vu,)) is uniformly integrable on Qx (0,T") x D
by the de la Vallée Poussin criterion (see the remark on uniform integrability at the end of
Chapter), hence relatively weakly compact in L'L; , by a well-known theorem of Dunford and
Pettis.

Similarly, Lemma 7.4.3 and (7.4.5) imply that there exists a constant N, independent of ),
such that

E/OT/D E((I+ M) 'Vuy) < H«:/OT/DNVW) -Vuy < N.

Since k is superlinear at infinity, the criteria by de la Vallée Poussin and Dunford-Pettis imply
that the sequence (I + \y)~!Vuy is uniformly integrable on € x (0,T) x D, hence relatively

weakly compact in lLlL}’I. Moreover, since

Vuy=(I+ )\W)_IVU,\ + A (Vuy),
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the relative weak compactness of (Vuy) immediately follows by the same property of (vx(Vuy))

proved above. O

From now on we shall assume, without loss of generality, that A € ]0, 1].

Lemma 7.4.5. There exists Q' C Q with P(Q') =1 and M : Q" — R such that
HUA(W)HL?Lg + ‘/XHVU)\(W)Hng + Hkk(vuk(w))Hng < M(w)
for all w € .
Proof. Setting vy := uy — G - W, equation (7.4.4) can be written as
t
ua(t) — / div(7a(Vua(s)) + AVux(s)) ds = ug,
0
or, equivalently, as
vy — div(7a(Vup) + AVuy) =0, vx(0) = up. (7.4.6)

By Itd’s isometry and Doob’s inequality, one has

E sup
t<T

t 2 T
/0 Gls)aw(s)| < ]E/O 1G24 s < o0,
Vo

hence G- W € L2L¥ H}, because Vo — H}. In particular, since uy € L2L$° HE, it follows that
vy € L2L°HE. Moreover, since divyy(Vuy) and Auy belong to L2L?H~1, by the previous
identity we also deduce that vi(w) € L7H~! for P-a.a. w € Q. In particular, taking into
account the hypotheses on ug and G, there exists Q' C Q, with P(Q') = 1, such that

UO((JJ) 6L92ca GW(‘JJ’) GL?O‘/O;
va(w) € LZHY, vi\(w) € LZH?
for all w € Q. Let us consider from now on a fixed but arbitrary w € €. Taking the duality

pairing of (7.4.6) by vy, and integrating (more precisely, applying Lemma 1.4.2) implies that,
for all ¢ € [0, T7,

1 t
§||v)\(t)||2 —l—// Y (Vux(s)) - Vor(s) dzds
0JD
t 1 ,
+>\// Vur(s) - Vor(s) da ds = ~|luo||?,
0/D 2
where ||ux|| < ||loa|l + [|G - W||, hence ||'I.l,)\||2 < 2(||v>\H2 + |G- W||2), as well as

2 2 2
loall” = 5 lluall” = IG- W

N | =

Moreover, Young’s inequality yields

/vuA.vm:HvuAHt/ Vuy - V(G W)
D D

1 1
> 5[Vl = 5lve-
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hence also, taking into account the previous estimate,

1 2 ' t i
§||u>\(t)|| +2/0/DWA(VUA(S))'V”A(S)dxds+>\/() [Ver@” s (7.4.7)

< fuo|* + |G- W) + /\/0 V(G- W(s)|* ds.

Let k) be the Moreau-Yosida regularization of k, i.e.

2
. r —
k() = ylgﬂgd(k(y)+| 2;" ) x> 0.

As is well known, k) is a proper convex function that converges pointwise to k from below, and

0kx = vr. Therefore, it follows from

w(x) (& —y) > k() — kx(y) = ka(z) — k(y) Va,y € RY

that
fﬁme@»wwﬁmw
:/t/ o (Vur(s, 2))(Vuun (s, 2) — V(G - W (s, 2))) da ds
// ko (Vaun (s, ) dxdsf// V(G- W(s,2))) de ds,
hence also

t t
Sl +2 [ [ @it s+ [ [Tun(o) ds
0JD 0

SHWW+MGWWUW+AAHV@ﬂWQMF@

+2// V(G- W(s,z))) do ds.

Taking the supremum with respect to ¢ yields
lullg, gz + 1a(ua) [y + N[ Vsl
< uollzs + 16 Wi ps + 16 WlLapy + [V (@ W), -

As already observed above, the first three terms on the right-hand side are clearly finite. More-

over, since Vy < W1 one has

[B(V(G- W) Srp [R(V(G-W)) < o0

Iz
L,

by the continuity of k. Since w was chosen arbitrarily in ', the proof is completed. O

Lemma 7.4.6. There exists a set ', with P(Q') = 1, such that, for all w € V', the families
(M (Vuy)) and (Vuy) are relatively weakly compact in Li .

Proof. Let ' be defined as in the proof of Lemma 7.4.5, and fix an arbitrary w € '. By
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(7.4.7), since vy = uy — G- W, it follows that
t
// a(Vux(s)) - Vuy(s) dx ds
0JD
1 2 1 2, 1 [ 2
< Slluoll™+S1G-WOI™+ 5 [ IIG-W(s)|lp; ds
2 2 2 0 0
t
+ // YA (Vur(s)) - V(G- W(s))dx ds
0JD

for all ¢ <T. Thanks to Young’s inequality, convexity of k*, and k*(0) = 0, one has

Ya(Vuy) - V(G- W) = Z4x(Vuy) - 2V(G - W)

N = N

< 2k ((Vuy)) + EQ2V(G - W)).

Recalling that &*(ya(x)) < ya(x) - x for all x € R™, rearranging terms one gets

T T
| [k Fusto) deds < fuol® + 16 WD)+ [ 16 w0l ds
0 D 0
T
+/0 /Dk:(QV(G-W(s)))dxds,

where all terms on the right-hand side are finite, as already established in the proof of Lemma
7.4.5. Appealing again to the criteria by de la Vallée Poussin and Dunford-Pettis, we immedi-
ately infer that (yx(Vux(w,-))) is relatively weakly compact in Lj .

Denoting by M (a constant depending on w) the right-hand side of the previous inequality,

the above estimates also yield
Ioa(Fun) -l S M,
hence also, recalling that k((I + \y)~'z) <y () -z,
6T+ M)~ Vuy) ||L%,m <M.

This implies, in complete analogy to the previous case, that ((I + )\7)*1Vu>\) is relatively

weakly compact in L{ ,. Since
Vuy = (V) + (I + X)) "' Vuy,

the relative weak compactness of (Vuy(w,-)) in L}’x follows immediately. O

7.4.2 Proof of Proposition 7.4.1

Let w € Q' be arbitrary but fixed, where €’ is a subset of Q0 with probability one, chosen as

in the proof of Lemma 7.4.5. The relative weak compactness of (7x(Vuy)) in L{ ., proved in

1 1
t,x t,x

1 is a subsequence of A. This in turn implies that

Lemma 7.4.6, implies that there exists n € L; , such that v,(Vu,) — n weakly in L; , where

¢ t
/ divy,(Vu,(s)) ds — / divn(s)ds  weakly in V
0 0
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for all t € [0,T]. In fact, for any ¢¢ € Vj, setting ¢ := s — 19 4(s)do € L°Vp, recalling that
Vo = W we have

¢ T
/<fdiV’yﬂ(Vu#(5)),¢o>VO ds:/ <fdiV’yM(Vuu(s)),qﬁ(s»VO ds
0 0
T
— [ [ (Vo) Vol as
0o Jbp
T ¢
— [ [ ) Vots) s = [ (~divats). o) ds

as 1t — 0. Moreover, v/ Auy is bounded in L?H{ thanks to Lemma 7.4.5, hence, recalling that
A is an isomorphism of H} and H=!, MAuy — 0 in L?H ! as A — 0, in particular

t
)\/ Auy(s)ds — 0 in H~1
0

for all t € [0,T] as A\ — 0. Therefore, considering the regularized equation

u,,(t) _/0 div'y#(Vu#(s))ds—,u/o Auy(s)ds =ug+ G- W(t)

and passing to the limit as p — 0, we infer that u,(t) — u(t) weakly in Vj for all t € [0,T],

hence one can write
t
u(t) — / divr(s)ds = o + G- W(t)  in V] (7.4.8)
0

for all ¢ € [0,7). Since divn € L} Vy and G- W € L°Vj, it immediately follows that u € C,V{.
Moreover, since, thanks to Lemma 7.4.5, (u,(t)) is bounded in L?, we also have u,(t) — u(t)
weakly in L2. In fact, let € > 0 and @ € L? be arbitrary. Since Vj is dense in L?, there exists
¢ € Vp with ||1/) - ¢>|| < g, and one can write

Qe (8) = (8), )| < [ (t) = wn (1), — @) + |(up(t) — uu(t), 0)|,

where the second term on the right-hand side converges to zero as u, v — 0, and

[(up(t) = u(t),9 — @)| < |Juu(t) — w (t)|| || — ¢|| < Ne,

so that, recalling that Hilbert spaces are weakly sequentially complete, wu,(t) converges weakly
in L?, necessarily to u(t), for all t € [0,7]. This also immediately implies that u € L{°L2. From
this, together with u € C;V{, it follows in turn that u € C,([0,T]; L?) by a criterion due to
Strauss (see [79, Theorem 2.1] — here and below C,, (][0, T]; E') stands for the space of space of
weakly continuous functions from [0, 7] to a Banach space F). Furthermore, since all terms in
(7.4.8) except the second one on the left-hand side take values in L2, it follows that (7.4.8) is

satisfied also as an identity in L2.

Let us show that u € LIW,": the relative weak compactness of (Vuy) in L{,, proved in

1

t . such that, along a subsequence of A which can

Lemma 7.4.6, implies that there exists v € L
be assumed to coincide with u, Vu, — v weakly in L%yz. Taking into account that u, € H{ for
all p and that u, — u weakly* in L{°L2, it easily follows that v = Vu a.e. in [0,T] x D and

T
that u € LW,

As a next step, we are going to show that nn = v(Vu) a.e. in (0,7) x D. For this we shall
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need the “energy” identity proved in the following lemma.

Lemma 7.4.7. Assume that
t

y(t) — / div{(s)ds = yo + f(1) in L? vt € 0,T],
0

where yo € L2, y € LPLANLIW,"', ¢ € LY, and f € L2V, with f(0) = 0. Furthermore,

t,x

assume that there exists ¢ > 0 such that
k(cVy) + k*(cC) € Ly .

Then
lu(®) — £ +2 / / ((s,2) - V(y(s,2) — f(s,2)) deds = |wo]® Vi< [0,T].
0JD

Proof. The proof if analogous to that of Proposition 7.3.1, of which we borrow the notation

and the setup. In particular, let m € N be such that
t
WO (t) — / dived(s)ds =yl + f2(8) i L2 Vi e[0,T],
0
hence, by Lemma 1.4.2,
t
2 2
') - r@lf+2 [ [ 96 =) =il vee o,

|y‘5(t) — f‘s(t)H2 — ||y(t) — f(t)H2 for all ¢ €]0,7] and Hy8H2 — HyOHQ.
Moreover, since y° — f® — y — f in LtlI/VOI"1 and ¢ — ( in Lt{r, we have that, up to selecting a

where, as 6 — 0,

subsequence,
-V =) — ¢ V(y-f)

almost everywhere in [0,7] x D. Therefore, taking Vitali’s theorem into account, the lemma is
proved if we show that % - V(y® — f°) is uniformly integrable: one has, by Young’s inequality

and convexity,

%C‘S V@ — ) < k(c/2(Vy’ — V) + B ()
< SH(EVY) + Sh(=T ) + K (eC?),
as well as
_§C6 V(= f0) < k(c/2(=Vy’ + V) + k()
< SR(EA=TY) + k(T F0) + K (e?),
hence

A0V = )| < k(eVy®) + k(c(—=Vy®))
+k(eVF) + k(c(=V£°)) + 4k* (cC?).

It follows by Jensen’s inequality for sub-Markovian operators, recalling that (I — JA)~™ and
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V commute, that

ATV = 0] < (1= 08) 7" (k(eVy) + k(e(~Ty))
k(cVF) + k(c(—=V ) + 4k*(cg)),

where k(cVy) and k*(c¢) belong to L, by assumption, and the same holds for k(cVf) +
k(c(=Vf)) because f € W, Moreover, note that the hypothesis limsup,|_, . k(=) /k(z) <

oo implies that
/ / —Vy)) < 1+/ / (Vy) < o0,

therefore, taking into account that (I — §A)~™ is a contraction in L', we obtain that ¢?|¢? -
V(y® — f°)| is dominated by a sequence that converges in Lt »» Which immediately implies that
¢?-V(y® — f9) is uniformly integrable in [0, 7] x D. O

As in the proof of Lemma 7.4.5, it follows from (7.4.6) and Lemma 1.4.2 that

vaA )|I® +//w (Vua(s)) - Vou(s) dz ds
+)\// Vuy(s) - Vua(s )dxd5—7||u0||

for all ¢ € [0, T], where vy = uy — G - W. This immediately implies

%||U>\(t)||2+// Ya(Vup(s)) - Vux(s) dz ds

%||u0|| +// Ya(Vux(s)) - V(G- W(s))dxds (7.4.9)

// Vua(s) - V(G- W(s)) da ds,

hmmf”v# )| = ||ut) - G- W) vt € [0,T]

u—0

where

by the weak lower semicontinuity of the norm and the weak convergence of w,(t) to u(t) in L.
Moreover, recalling that 7, (Vu,) — n weakly in Lj , and V(G- W) € L%, as Vo — W™, we

have
/Ot/D’Yu(VUu(S))'V(G~W(s))dzds—>/Ot/D77(5).V(G.W(5))dIdS_

The last term on the right-hand side of (7.4.9) converges to zero as  — 0 because (Vu,) is
bounded in L%’m and V(G - W) € Lg5,. We have thus obtained

lim sup /T/ Yu(Vuu(s)) - Vuy(s) de ds

pn—0
1 2 k
< 3 llwoll* = 3 Ju(r) — G- WD) +/0/D77(s)-V(G~W(s))d:cds.
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By Lemma 7.4.7 we have

%HuOH - §HU(T) -G- VV(T)H2 +/ / n(s) - V(G -W(s))dxds

which implies that

T T
limsup/ / Yu(Vuy,) - Vu, deds < / / n - Vudzxds.
n—0" Jo Jp 0JD

Moreover, since

2

V(@) - (I + ) 'o = yu(@) -2 — plyu(@)]” < u(z) - =

for all z € R™, we obtain

T T
limsup/ / Yu(Vuy,) - (I + ,u’y)_1VuH dxds < / / 1 - Vudz ds,
0o Jp o Jp

n—0

where (I + py)~'Vu, — Vu and 7, (Vu,) = n weakly in L} ,. In particular, the weak lower

semicontinuity of convex integrals yields

/OT/D(k(Vu) k()

T
< hminf/o /D(k((f + 7)) + k(7. (Vuy))) dedt

pn—0
T
= liminf/ / Yu(Vuy) - (I + py) "'V, dzdt < N,
pn—0 o JD
where N = N(w) is a constant. Recalling that v, € y((I + py)~!) and v = 9k, we have

E((I+ py) " 'Vau,) +9,(Vuy) - (2 = (I + py) "' Vu,) < k(z) Vz € R™.

From this it follows, again by the weak lower semicontinuity of convex integrals, that

/OT/Dk(Vu)-l-/OT/Dn-(C—Vu)S/OT/Dk(C) V¢ e LS.

Let A be an arbitrary Borel subset of (0,T) x D, zp € R™, R > 0 a constant, and
CR = 2z9la + TR(VU)].AC,
where Tk : R” — R"™ is the truncation operator

z, lz| < R,
T :x+—>
Rz/|z|, |z| > R.
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Then (g € Ly, and

/ (Vu) + /An (z0 — Vu) _/Ak(zo)

/ (k(Tr(Vu)) — k(Vu)) + /c n- (Tr(Vu) — Vu),

tz7

where Tr(Vu) — Vu and k(Tr(Vu)) = k(Vu) a.e. in (0,T) x D as R — o0, as well as
|Tr(Vu) — Vu| < 2|Vul, |k(Tr(Vu)) — k(Vu)| S 1+ k(Vu)

(the latter inequality follows by the assumptions on the behavior of k at infinity). Since k(Vu),

k*(n) € L}, the dominated convergence theorem implies that

Jrww+ [ oG-V < [ he

for arbitrary zg and A, hence also that
E(Vu) +n- (20 — Vu) < k(20)

a.e. in (0,7) x D for all zp € R". By definition of subdifferential it follows immediately that
n=~(Vu) a.e. in (0,T) x D.

Let us now show, still keeping w fixed, that the limit u constructed above is unique. In

particular, since n = y(Vu), it is also unique. Assume that there exist uq, us such that
t
u;(t) — / divy(Vu(s)) ds = up + G- W(t), i=1,2,
0

in L2 for all t € [0, T]. Setting v = u1 —uz and ¢ = y(Vuy) —v(Vug), it is enough to show that

v(t) — /0 div{(s)ds =0

in L? for all ¢ € [0, T] implies v = 0. To this aim, it suffices to note that, by Lemma 7.4.7,

%Hv(t)HZ +/Ot/D§-W =0

for all ¢ € [0,T]. The monotonicity of v immediately implies v = 0, i.e. u; = ug, so that

uniqueness of u is proved.

The process u has been constructed for each w in a set of probability one via limiting
procedures along sequences that depend on w itself. Of course such a construction, in general,
does not produce a measurable process. In our situation, however, uniqueness of u allows us to
even prove that u is predictable. The following simple observation is crucial: we have proved
that from any subsequence of A one can extract a further subsequence p, depending on w, such
that u, converges to u as u — 0, in several topologies, and that the limit u is unique. This
implies, by a classical criterion, that the same convergences hold along the original sequence A,
which does not depend on w. In particular, uy(w,t) — u(w,t) weakly in L? for all t € [0,
and for P-a.s. w. Let us show that uy — u weakly in L'L} L2: for an arbitrary ¢ € L°L®L2,

we have

<u>\(w, t), p(w, t)> — <u(w, t), p(w, t)>
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a.e. in Q x [0,T], as well as

T 2 T 2 2
E/ (ur(w, 1), (w0, 1)) dtg]E/ un (o, D)2 [ bl )]
0 0
2 T 2
< Nolfipria B [ NnGont)]ae < N
r 0

for a constant N independent of A, since (uy) is bounded in L?L7, by Lemma 7.4.3. Then
(ux, @) is uniformly integrable in  x [0, 7] by the criterion of de la Vallée Poussin, hence
(uy, ) — (u,¢) in L'L} by Vitali’s theorem. Since ¢ € L>®°L¥°L2 is arbitrary, it follows that
uyx — u weakly in L'L}L2. Mazur’s lemma (see, e.g., [20, p. 360]) implies that there exists a
sequence ((,) of convex combinations of uy such that ¢, (w,t) — u(w,t) in L? in P® dt-measure,
hence a.e. in © x [0, 7] along a subsequence. Since (uy) is a collection of L?-valued predictable
processes, the same holds for ({,), so that the P ® dt-a.e. pointwise limit u of (a subsequence
of) ¢, is an L?-valued predictable process as well. We also have that v € L2L{° L2, as it follows
by uy — w in L'L} L2 and the boundedness of (uy) in L?L®L2.

Moreover, recalling that Vuy — Vu and v5(Vuy) — n weakly in L}, P-a.s., and that, by
Lemma 7.4.4, (Vuy) and (yA(Vuy)) are bounded in L'L} ., an entirely analogous argument
shows that Vuy — Vu and v5(Vuy) = 7 = 7(Vu) weakly in L'L} ,. This implies that 7 is a

measurable adapted process, as well as, by weak lower semicontinuity of the norm,

Bl|Vul,, < liminfE[[Vu|,, < oo,

]EHnHL%,m < lig\nﬁingny)\(Vu)\)HL%,w < 0.
We can hence conclude that

uwe LALPL2 N LALIW, Y,
n=7(Vu) € L'L;,.

Finally, Lemma 7.4.3 and (7.4.5) yield
T
]E/ / (K((I + A7) Vun) + k* (1a(Vun))
0 JD
2 T 2
< N (ol +E [ IGO0 25):

where, by the weak lower semicontinuity of convex integrals and (I + \y)~'Vuy, — Vu,

a(Vuy) — 1 weakly in Lj , P-a.s., one has

T o T »
| v ) <timint [ (040071900 + 1 0r(Tun))

P-a.s., hence, by Fatou’s lemma,

T . . T -1 *
E/O /D(lc(Vu)Jrk (n)) Shg\nﬁlng/o /D(k((1+/\7) Vua) + k(1 (Vua))) (7.4.10)

T
< N (EJuo +IE/O IGOI 4112 ds) < oo.

Remark 7.4.8. The proof of uniqueness of u does not depend on  being single-valued. In
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particular, all results on u obtained thus far, including the predictability of u, can be obtained
under the more general assumption that + is an everywhere defined maximal monotone graph
on R™ x R™, with v = 0k. However, in this more general framework, the uniqueness of 1 does
not follow, because the divergence is not injective. This implies that we would not be able even
to prove that 7 is a measurable process (with respect to the product o-algebra of % and the
Borel o-algebra of [0,T7).

7.5 Well-posedness with additive noise
We are now going to prove well-posedness for the equation
du(t) — divy(Vu(t)) dt = G(t) dW (t), u(0) = uyg, (7.5.11)

where G is no longer supposed to take values in .#?(H, Vp), as in the previous section, but just

in #?(H, L?). In other words, we are considering equation (7.1.1) with additive noise.

Proposition 7.5.1. Assume that ug € L*L2 is Fy-measurable and that G : Q x [0,T] —
L2(H, L?) is measurable and adapted. Then equation (7.4.3) is well posed in . Moreover,

its solution is pathwise weakly continuous with values in L.

Proof. Since one has (I —eA)™™ : L? — H?*™ N H} for any m € N, choosing m > 1/2 + n/4,
the Sobolev embedding theorem yields H?™ < W1 hence V, := H?*™ N H} satisfies all

hypotheses stated at the beginning of the previous section. In particular, setting
G* = (I —-eA)"™"G,

the ideal property of Hilbert-Schmidt operators implies that G¢ is an .Z?(H, Vj)-valued mea-

surable and adapted process such that

T T
B[ 16 O iy 5 S B [ 166 i 1oy ds < o

It follows by Proposition 7.4.1 that, for any € > 0, there exists a unique predictable process

uf e LALRL? N LALiw, !

such that
nF =) € L'Ly,,
k(Vu®) + k*(n°) € L{, P-as.,
u® € Cyw([0,T]; L?) P-as.,
satisfying

us(t) — /0 divn®(s)ds = ug —I—/O G*(s)dW (s) (7.5.12)

in L2 for all ¢ € [0, 7).

In complete analogy to the previous section, the equation in H !

us (t) — /0 divya(Vus(s)) ds — )\/OAui(s) ds = ug +/O G*(s) dW (s)



Singular equations in divergence form 179

admits a unique (variational) strong solution u§ for any € > 0 and A > 0. Taking into account

the monotonicity of 7y, 1t0’s formula yields, for any ¢ > 0,

u5.(t) — w3 0| + A / IV (s (5) — ud(s))|| ds
< [ 036 =) (E () = @) aW ) + [ 1670 = 60 gy 1o

Taking supremum in time and expectation, it easily follows from Lemma 7.4.2 that

T
2 2
Esuplluf () 0] SE [ 160 = 670 o

For arbitrary fixed e, § > 0, the proof of Proposition 7.4.1 shows that

uj, — u® weakly* in L{°L2,
Vu§ — Vu® weakly in L%’w
wVus) — n° weakly in L%,x

P-a.s. as A — 0, and the same holds replacing € with §. In particular, on a set of probability

)

one, u§ — ug — u® — u® weakly* in L{°L2 as A — 0, hence the weak* lower semicontinuity of

the norm and Fatou’s lemma imply

Bl = 1y < B~

T
< E/O 1G=(5) = G (3) 2y 11,12 -

It follows by the ideal property of Hilbert-Schmidt operators, the contractivity of (I —eA)~™,

and the dominated convergence theorem, that

T
IE/O 1G2(5) = G|y 1y, d5 — O

as € — 0. This implies that (uf) is a Cauchy sequence in L2L°L2, hence there exists a
predictable L?-valued process u such that u® converges (strongly) to w in L?L{°L2 as e — 0.
Moreover, by (7.4.10) there exists a constant N, independent of e, such that

T
IE/O /D(k(VUE)Jrk*(nE)) dzx ds
T
< N (E]Juo —HE/O 16 10, s) (7.5.13)

2 T 2
<N (Bl +B [ 166 00 d5).

where we have used again the ideal property of Hilbert-Schmidt operators and the contractivity
of (I—eA)~™ in the last step. The sequences (Vu®) and (y(Vu®)) are hence uniformly integrable
on Q x [0,T] x D by the criterion of de la Vallée Poussin, hence relatively weakly compact in
! (L%m) by the Dunford-Pettis theorem. Therefore, passing to a subsequence of ¢, denoted by
the same symbol, there exist v and 7 such that Vu® — v and v(Vu®) — n weakly in lLlL%@ as
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e — 0. It is then straightforward to check that v = Vu and
ue LLiWyt.

An argument based on Mazur’s lemma, entirely analogous to the one used in the proof of

Proposition 7.4.1, shows that 7 is an L!-valued adapted process.

We can now pass to the limit as ¢ — 0 in (7.5.12). The strong convergence of u® to u in
L2L° L2 implies that

ess supHus(t) — u(t)H =0
t€[0,T]

in probability as e — 0. Let ¢¢ € V be arbitrary. Since Vi < L°°, one has

(us(t), do) = (u(t), do)

in probability for almost all ¢t € [0, T]. Let us set, for an arbitrary but fixed ¢t € [0,T], ¢ : s —
Lio,(s)¢0 € LVp. Recalling that n° = v(Vu®) — n weakly in L'L{

t,xo
that
t T
— [ (diveF, go) ds = “(s) - ¢(s)d
/O<wn do) ds /O/Dw) o(s) ds

H/OT/D,7(S).vgz,(s)d,g_/Ot<divn(5)7¢o>dS

it follows immediately

weakly in L' as ¢ — 0. Doob’s maximal inequality and the convergence

T
E/O 1G=(8) = G| o g0y — O

as € — 0 readily yield also that G* - W(t) — G - W (t) in L? in probability for all ¢ € [0,77]. In
particular, since ¢ € V and t € [0,T] are arbitrary, we infer that

u(t) — /0 divn(s)ds = ug —I—/O B(s)dW(s)

holds in V{ for almost all t. Recalling that n € L; ,, which implies in turn that divy € L{V{,
it follows that all terms except the first on the left-hand side have trajectories in C;V{, hence
that the identity holds for all ¢ € [0, T]. Moreover, thanks to Strauss’ weak continuity criterion,
u € CVy and u € L°L2 imply u € Cy,([0,T]; L?). Note also that all terms bar the second one
on the left-hand side are L?-valued, hence the identity holds also in L? for all ¢ € [0, 7.

The weak convergences Vu® — Vu and n° — nin L! L%yz and the weak lower semicontinuity

of convex integrals yield, taking (7.5.13) into account,

E/OT/D(k(Vu) + k() < N(EHuOH2 +E/OTHG(S)H;2(H,L2) ds)_

To complete the proof of existence, we only need to show that n = y(Vu) a.e. in Qx(0,T)xD.
Note that, by Proposition 7.3.1, we have

1 € 2 4 g g
slue@+ [ [ o vu
0 JD

AR N NI T
= uol 45 [ NG 6) gy gy ds + | w(5)G(5) dW (s)
2 2 J, (H,L2) ;
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and

1 2 T
§||u(T)H +/ / n-Vu
o Jp

1 o 1 (7 2 T
= *HUOH +5 ||G(5)H2,2 .2 45+ u(s)G(s) dW (s),
2 2 /s (H,2) :

where, as ¢ — 0, |[u*(T)| — ||u(T)| in L?, thanks to the strong convergence of u® to u in

L2 LE:
T T
/0 162 (5)]1 2 g b5 — /0 1G(s)

in I? by an (already seen) argument involving the ideal property of Hilbert-Schmidt operators;

ds

2
22(H,L?)

T T
/ u®(s)G*(s) dW(s) — / u(s)G(s) dW (s)
0 0
in L' as it follows by Lemma 7.4.2. In particular, we infer

T
limsup/ / v(Vu®) - Vuf
e—0 0 D
1

? S+ /0 IGOag 1ay ds + /0 w(s)G(s) AW (s)

t
:/ ’r’.vu’
0JD

hence also, by Fatou’s lemma,

T t
limsupE/ / Y(Vu®) - Vu® < E// n - Vu.
e—0 0o JD 0JD

Since Vu® — Vu and 7(Vu®) — 1 weakly in IL'L{ ,, recalling that ~ is maximal monotone, it
follows that n € y(Vu) a.e. in Q x (0,T) x D (see, e.g., [10, Lemma 2.3, p. 38]).

Let ug1, ug2 € L?L2 be Fy-measurable, and Gy, Ga : Qx[0,T] — £?(H, L?) be measurable

adapted processes such that

T
2 .
E/ HGi(s)’|$2(H7L2)ds<oo, i=1,2.
0
If u; € &, i =1,2, are solutions to
dui — div fy(Vui) dt = Gi dVV, ul(O) = UQq,

we are going to show that
2 2 r 2
EiggHul(t) —uz(t)||” < Elluor — uoz||” +E HGl(s)fGQ(s)HiN(H,LQ)ds, (7.5.14)
< 0

from which uniqueness and Lipschitz-continuous dependence on the initial datum follow imme-
diately. We shall actually obtain this estimate as a special case of a more general one that will

be useful in the next section: setting

y(t) = u1(t) — ua(t), Yo = Ug1 — Up2, F(t) := G1(t) — Ga(t),
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one has

u(t) - / div((s) ds = yo + / F(s) dW(s),

where ¢ = v(Vuy) — v(Vug). Setting, for any a > 0,
yrt) =T My(t), () =emt),  FU(t) =e T MF(),
the integration by parts formula yields
t ¢
v+ [ (o) - div (@) ds=yo+ [ P dW (o),
0 0
from which, by Proposition 7.3.1, we deduce
2 ¢ 2 ‘
Hyo‘(t)H + Za/ ||yo‘(s)H ds + 2// C*(s) - Vy*(s)ds
0 0J/D
t ¢
2 (07 (0% (0% 2
<l +2 [ 5@ W + [0 1)

where, by monotonicity of 7, (¢ - Vy* = e~2* (’y(Vul) 7"}/(vu2)) -(Vug —Vug) > 0. Therefore,
taking the supremum in ¢ and expectation on both sides, one has

T
Esuplly” ()] + o [ o7 (s)| ds
t<T 0

t T 9
/0 y* (s)F(s) dW (s) +E/O ’|Fa(8)”$2(H,L2)dS

S Ellyol* + Esup

ds, (7.5.15)

T
SElsol” +E [ 170 o

where the second inequality follows by an application of Lemma 1.5.1. Estimate (7.5.14) is just

the special case a = 0. O

7.6 Proof of the main result

Thanks to the results established thus far, we are now in the position to prove Theorem 7.2.2.
Let v : Q x [0,7] = L? be a measurable adapted process such that

T
IE/ o(s)]2 ds < oo,
0
and consider the equation
du(t) — divy(Vu(t)) dt = B(t,v(t)) dW(¢), u(0) = uy,

where ug is an .Fy-measurable L?-valued random variable with finite second moment. The

assumptions on B imply that B(-,v) is measurable, adapted, and such that

T
E/O HB(S,U(S))H;Z(H,L% ds < 00,

hence the above equation is well-posed in J# by Proposition 7.5.1, which allows one to define

amap I' : (up,v) — w. Let u; = D(ugi,vi), ¢ = 1,2, where ug; and v; satisfy the same
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measurability and integrability assumptions on ug and v, respectively. For any a > 0, (7.5.15)

and the Lipschitz continuity of B yield

—2at 2 r 92 2
Eflﬁlg(e |t () — ua(t)|| )JrE/O e l|lur(s) — ua(s)||” ds

1 1 ("

< L —unl + LB [ B 019) — B a1 0
a a Jo :

B lIEHUM - u02H2 + 1E/T e 2 ||ui(s) — vz(s)H2 ds

~ a a 0 .

Choosing « large enough, it follows that, for any ug as above, the map v +— I'(ug, v) is strictly

contractive in the Banach space E, of measurable adapted processes v such that

T , 1/2
ol = (E [ e luts ds) .

By the Banach fixed point theorem, the map v — T'(up, v) admits a unique fixed point u in E,,.
Since all E,-norms are equivalent for different values of «, u belongs to Ey and, by definition
of T, w also belongs to % and solves (7.1.1). Taking into account that any solution to (7.1.1) is
necessarily a fixed point of v — T'(ug, v), it immediately follows that u is the unique solution to
(7.1.1) in 2#". Lipschitz continuity of the solution map follows from the above estimate, which

manifestly implies

T T
IE/ [|lui(s) — uQ(s)H2 ds = E/ e”‘””ul(s) - uQ(5)||2ds S El|uor — u02||2.
0 0
and

E sup||u1 (t) — Ug(t)H2 ~ Esup (e ||luy (t) — uz(t)HQ)
t<T t<T

T
§E/ e_QO‘SHul(s) —u2(8)||2ds,
0

thus completing the proof.

7.7 A remark on uniform integrability

The classical characterization of uniform integrability by de la Vallée Poussin states that, in
the setting of a measure space (X,.4) endowed with a finite measure u, a bounded subset ¢ of
LY(X, u; R™) is uniformly integrable if and only if there exists a continuous increasing convex

function ¢ : Ry — Ry, with ¢(0) = 0 and lim, o ¢(x)/x = 00, such that
/Aw(lgl)du <1l Vge9¥

(see, e.g., [4, p. 12]).

The following criterion for uniform integrability can be proved in the same way (the proof

is included for completeness).

Lemma 7.7.1. Let F: R — R, be a continuous convex function such that F(0) =0 and

F(z) _
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Let 9 be a subset of L°(X, ju; RY) such that F(¥) is bounded in L*(X, ). Then 9 is uniformly

integrable.

Proof. We have to prove that ¢ is bounded in L'(X,u) and that for any € > 0 there exists
d > 0 such that, for any A € A with u(A4) <4,

/|g|d,u<€ Vge 4.
A

By definition of limit, for any M > 0 there exists R (depending on M) such that |z| < F(x)/M
for all x € R? such that |z| > R. Then

/Igldu=/ Ig\du+/ lgl dp
A An{lgl<R} An{lg|>R}

< Ru(A) + o /X Fg) du

for all g € 4. Choosing A = X, this proves that ¢ is bounded in L'(X,u). Let € > 0 be
arbitrary, and choose M such that the second-term on the right-hand side of the last inequality
is smaller than /2. Then ¢ := ¢/(2R) satisfies the required condition. O
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Singular equations in divergence

form: an alternative approach

In this chapter, we prove existence and uniqueness of strong solutions for a class of second-order
stochastic PDEs with multiplicative Wiener noise and drift of the form div~y(V:), where 7 is
a maximal monotone graph in R? x R% obtained as the subdifferential of a convex function
satisfying very mild assumptions on its behavior at infinity. The well-posedness result comple-
ments the corresponding one in Chapter 7 where, under the additional assumption that ~ is
single-valued, a solution with better integrability and regularity properties is constructed. The
proof given here, however, is self-contained.

The results presented in this chapter are part of the joint work [64] with Carlo Marinelli, to

appear in Springer Proceedings in Mathematics € Statistics.

8.1 The problem: literature and main results
Let us consider the stochastic partial differential equation
du(t) — divy(Vu(t)) dt > B(t,u(t)) dW (t), u(0) = uyg, (8.1.1)

posed on L?(D), with D a bounded domain of R? with smooth boundary. The following
assumptions will be in force: (a) v is the subdifferential of a lower semicontinuous convex
function k : RY — Ry with k(0) = 0 and such that

k(—
lim —* = 400, lim sup (~2) < +o00

(in particular, v is a maximal monotone graph in R? x R? whose domain coincides with R%);
(b) W is a cylindrical Wiener process on a separable Hilbert space H, supported by a filtered
probability space (Q,.7, (Zt):cpo,1),P) satisfying the “usual conditions™; (c) B is a map from
Qx[0,T) x L*(D) to £?(H, L*(D)), the space of Hilbert-Schmidt operators from H to L*(D),
that is Lipschitz-continuous and has linear growth with respect to its third argument, uniformly
with respect to the other two, and is such that B(-,-,a) is measurable and adapted for all
a € L*(D).

Under the additional assumption that v is a (single-valued) continuous function, we proved

in Chapter 7 that (8.1.1) admits a strong solution u, which is unique within a set of processes

185
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satisfying mild integrability conditions. The solution of Chapter 7 is constructed pathwise, i.e.
for each w € €, so that, as is natural to expect, measurability problems arise with respect to
the usual o-algebras on Q x [0, 7] used in the theory of stochastic processes. Precisely because
of such an issue we needed to assume 7 to be single-valued.

The purpose of this chapter is to provide an alternative approach to establish the well-
posedness of (8.1.1) that, avoiding pathwise constructions, is simpler than that of Chapter 7
and does not need any extra assumption on . The price to pay is that the solution we obtain
here is less regular than that of Chapter 7. We also refer to Chapter 6 for a related result
obtained by analogous methods.

Let us define the concept of solution to (8.1.1) we shall be working with.

Definition 8.1.1. Let ug be an L*(D)-valued Fo-measurable random variable. A strong solu-

tion to equation (8.1.1) is a couple (u,n) satisfying the following properties:
(i) w is a measurable and adapted L*(D)-valued process such that

we LY0,T; Wyt (D)), B(-,u) € L*(0,T; £*(U, L*(D))) P-a.s.;

(ii) m is a measurable and adapted L*(D)®-valued process such that

ne LY0,T; LY(D)%) P-a.s., ne€y(Vu) ae inQx(0,T) x D;
(iii) one has, as an equality in L*(D),

u(t) —/0 divn(s)ds = ug —|—/O B(s,u(s))dW(s) P-a.s. Yte][0,T]. (8.1.2)

Note that (8.1.2) has to be intended in the sense of distributions. In particular, since
n € LY(D)? the integrand in the second term of (8.1.2) does not, in general, take values
in L?(D). However, the conditions on B imply that the stochastic integral in (8.1.2) is an
L?(D)-valued local martingale, hence the term involving the divergence of 1 turns out to be

L?(D)-valued by comparison.

We can now state our main result. Here and in the following k* : R¢ — R, is the convex

conjugate of k.

Theorem 8.1.2. Let ug € L?(Q, %y; L?(D)). Then equation (8.1.1) admits a unique strong
solution (u,n) such that

T
sup E[u() 320) + B [ @)y oyt < o
t<T 0
T
B[ 10Ol et < o,
T
]E/O (B i oy + 1" )| 11 (py) dE < oo
Moreover, the solution map ug + u is Lipschitz-continuous from the space L*(Q2; L*(D)) to

L>°(0,T; L3(2; L?(D))), and u is weakly continuous as a function on [0,T] with values in
L3(Q; L3(D)).
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Under the extra assumption of v being single-valued, the solution obtained in Chapter 7
is more regular in the sense that ]EsuptSTHu(t)Hiz(D) is finite, the solution map is Lipschitz-
continuous from L?(Q; L?(D)) to L*(Q; L>(0,T; L*(D))), and u(w,-) is weakly continuous as
a function on [0, T] with values in L?(D) for P-a.a. w € €.

8.2 Well-posedness of an auxiliary equation

The goal of this section is to prove well-posedness of a version of (8.1.1) with additive noise.

Namely, we consider the initial value problem
du(t) — divy(Vu(t)) dt > G(t) dW (t), u(0) = up, (8.2.3)

where G € L*(Q x [0,T]; £%(H, L*(D))) is a measurable and adapted process.

Proposition 8.2.1. Equation (8.2.3) admits a unique strong solution (u,n) satisfying the same

integrability and weak continuity conditions of Theorem 8.1.2.

We introduce the regularized equation
dux(t) — divya(Vux (b)) dt — Muy(t) dt = G(t) dW (1), ux(0) = wo,

where 7y : R? — R?, 4y := %(I — (I +Xy)™1), for any A > 0, is the Yosida approximation of -,
and A : H} (D) — H~Y(D) is the (variational) Dirichlet Laplacian. Since «, is monotone and
Lipschitz-continuous, the classical variational approach (see [46,72] as well as [56]) yields the

existence of a unique predictable process uy with values in H}(D) such that

T
2 2
Ellurll0.11:05(0y) + E / un(®) 2 oy t < o0

and

ux(t) — /0 divya(Vuyx(s))ds — )\/O Auy(s)ds =ug+ [ G(s)dW (s) (8.2.4)

0
P-a.s. in H~1(D) for all t € [0, T).
We are now going to prove a priori estimates and weak compactness in suitable topologies

for uy and related processes. These will allow us to pass to the limit as A\ — 0 in (8.2.4).

For notational parsimony, we shall often write, for any p > 0, L?, L and L? in place of
LP(Q), LP(0,T), and LP(D), respectively, and C; to denote C([0,T]). Other similar abbre-
viations are self-explanatory. The L?(D)-norm will be denoted simply by ||-||. If a function
f: D — R%is such that each component f7, j = 1,...,d, belongs to L?(D), we shall just write
f € LP(D) rather than f € LP(D)%.

Lemma 8.2.2. There exists a constant N such that

lurllzz 2 + )‘1/2||VUA||L3N (V) -Vl

< N(lwollzz, + 1G]z z2m12)-
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Proof. Tt&’s formula for the square of the norm in L2 yields

t t
||u>\(t)||2+2// Y(Vuyr(s)) - Vua(s) dxd5+2)\/ ||Vu)\(s)||2ds
0JD 0

2 ! ¢ 2

= luolP+2 [ (G AW () + [ IGO0 05
hence, taking the supremum in time and expectation,
2 T 2
Bl +E [ [ n(Vur() Vur(s)dods + AE[Va 3
0o Jp :

2 2
S Efluol| +E||G||L§$2(H,L2)+E sup
v te[0,T)

)

/0 ux(s)G(s) dW (s)

where, by Davis’ inequality (see, e.g., [61]), the ideal property of Hilbert-Schmidt operators
(see, e.g., |20, p. V.52]), and the elementary inequality ab < ea® + b2 /e Ya,b >0, € > 0,

t T 1/2
2 sup | [ un6)66) W )| S B [ 1160 )
tefo,T] 1Jo 0
2 r 2
< e Bllual?, 1z + N(e)E/O IG) a1z ds
for any € > 0. To conclude it suffices to choose € small enough. O

Lemma 8.2.3. The families (Vuy) and (yx(Vuy)) are relatively weakly compact in L* (€ x
(0,T) x D).

Proof. Recall that, for any y, r € R, ones has k(y)+k*(r) = r-y if and only if r € 9k(y) = y(y).

Therefore, since
() € 0k((I+ M) 'z) =~v((I + M) ') Vz € RY,
we deduce by the definition of v, that

E((I4+Xy) '2) + k" () = (@) - ([ +Ay) '
= (@) -z = A|a(@)] <) -z vz e RY. (8.2.5)

(See, e.g., [42] for all necessary facts from convex analysis used in this note.) Hence, taking

Lemma 8.2.2 into account, there exists a constant N > 0, independent of A, such that

E/OT/D E* (7a(Vuy)) < E/OT/D (Vuy) - Vuy < N.

The assumptions on k imply that its convex conjugate k* is also convex, lower semicontinuous
and such that lim, | k*(y)/|y| = +oc. Therefore a simple modification of the criterion by de

la Vallée Poussin implies that (yx(Vuy)) is uniformly integrable on € x (0,T) x D, hence that it

1
t,w,r

is relatively weakly compact in L by the Dunford-Pettis theorem. A completely analogous

argument shows that

E/OT/D k((I+ M) 'Vuy) < EATAVA(VUA) -Vuy < N,

1

twaz Moreover, since Vuy =

hence that (I + \y)~'Vu, is relatively weakly compact in L
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(I+Xy) " Vux+Aya(Vuy), it also follows that (Vuy) is relatively weakly compact in L} O

tw,r"

Thanks to Lemmata 8.2.2 and 8.2.3, there exists a subsequence of A, denoted by the same
symbol, and processes u € L°L? N L} ,Wy'! and n € L}, , such that

t,w,r

Uy —u weakly™® in LfoLijx,
Uy — U weakly in LtlwaVOl’l,
M(Vuy) —n weakly in L%,w,:w
Auy — 0 weakly in Liné.

as A — 0. Let t € [0, 7] be arbitrary but fixed. The fourth convergence above implies
t
)\/ Auy(s)ds — 0 in L2ZH
0
while the third yields, for any ¢ € LW,

t t
E// mw(s»-wflws—m// 0(s) - Voo da ds,
0JD oJD

t

¢
hence E/ (div v (Vur(s)), ) ds — IE/ (divn(s), ) ds. Therefore, recalling (8.2.4), by dif-
0

ference WE()) deduce that
E<u)\(t), 50> — ]E<U(t), 90>

Consequently, since u,(¢) is bounded in L2 L2, we also have that uy(t) — u(t) weakly in L2 L2,

w T

Taking the limit as A — 0 in (8.2.4) thus yields

t t
u(t) — / divn(s) ds = ug +/ G(s) dW (s) in LLVy,
0 0

where Vj is the (topological) dual of a separable Hilbert space V; embedded continuously and
densely in H}, and continuously in W1°°. The identity immediately implies that v € C;LLV{.
Since u € L L2 L2, it follows by Lemma 1.4.1 that u is a weakly continuous function on [0, T
with values in L2 L2.

By Mazur’s lemma there exist sequences of convex combinations of v (Vuy) that converge 7

in (the norm topology of) Ltl,w,:m thus also, passing to a subsequence, P ® dt-almost everywhere
2

w,x

implies that uy — u weakly in L? there

in L. Similarly, since uy — u weakly* in L L tw,m

exist sequences of convex combinations of uy that converge to u P ® dt-almost everywhere in
L2. Since convex combinations of (uy) and of (yx(Vuy)) are (at least) predictable and adapted,
respectively, it follows that u is predictable and 7 is measurable and adapted. Moreover, thanks

to the weak lower semicontinuity of convex integrals, one has

T
]E/ / (K(Vu) + k() < oc.
0o JD
In order to show that n € v(Vu) for a.a. (w,t,x), we need the following “energy identity”.

Lemma 8.2.4. Assume that

y(t)+a/0 y(s) ds—/o div ¢(s) ds:yo+/0 C(s)dW(s)



190 Chapter 8

in L2 P-a.s. for allt € [0,T), where a € R, yo € ij’ is Fo-measurable, and

x

yeLFEL2 NI W', CeL} CelLi, Z*H,IL2)

t,w,x?

are measurable and adapted processes such that k(cVy) + k*(cC) € L%,w,z for a constant ¢ > 0.
Then

t t
]E||y(t)||2+2a]E/ ||y(s)||2ds+2]E// ¢ Vydzds
0 0JD

t
2 2
= Elwl’ +E [ ICO iz ds Ve 0.7

Proof. Let m € N be such that such that (I —6A)~™ maps Ll into Hi N W1 and use the
notation h° := (I — §A)~™h for any h taking values in L. One has

5 " s t o 8 _ . " s
y (t)—|—04/0 y (s)ds—/o div¢ (s)ds—y0+/0 C?(s)dW (s) (8.2.6)

P-a.s. for all t € [0, 7], as an equality in L2, for which It&’s formula yields

t t
PO + 20 [ Iy ds+2 [ [ ¢y dods
0 0JD
t t
=11+ [ 1Oz s + | 77O W (),

It is evident from (8.2.6) that y° is a continuous L2-valued process, hence the stochastic integral
(y°C?%) - W on the right-hand side of the above identity is a continuous local martingale. Let
(T,) be a localizing sequence, and multiply the previous identity by Ljo,1,,] to obtain, thanks
to E(y°C%) - W(-AT,) =0,

tAT,, tATy,
EHy‘S(t/\Tn)H2+2aE/ ||y5(s)||2ds+2E/ / ¢y da ds
0 0 D
512 tAT, s 9
=Bl +E [ IO G s

Letting n tend to oo, the dominated convergence theorem yields

t t
By )1+ 20E [ (9] ds+2E [ [ ¢ 9y dods
0 0JD
t
~ Bl + B [ 10713,

for all t € [0,T]. We are now going to pass to the limit as 6 — 0: the first and second
terms on the left-hand side and the first on the right-hand side clearly converge to Ely(t)|%,
2aIEf£||y(s)||2 ds and E|yol|®, respectively. Properties of Hilbert-Schmidt operators and the

dominated convergence theorem also yield

t t
. 2 2
%%E/O 1C° N2 a1,12) ds = E/O 1C ) p(s1,22) ds

for all t € [0,7T]. To conclude it then suffices to show that Vy? - ¢° — Vy-( in L} Since

tw,x*
Vy® — Vy and ¢° — ¢ in measure in Q x (0,t) x D, Vitali’s theorem implies strong convergence

. 1
in Lt’w@,

if the sequence (Vy° - ¢?) is uniformly integrable in  x (0,¢) x D. In turn, the latter
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is certainly true if (|Vy° - (°|) is dominated by a sequence that converges strongly in Li 0

Indeed, using the assumptions on the behavior of k at infinity as well as the generalized Jensen

inequality for sub-Markovian operators (see [41]), one has
£ VY S1+E(eVY) + k7 (c¢®) < 1+ (I = 3A) ™™ (k(cVy) + k™ (cC))

where the sequence on the right-hand side converges in L%Mw as 0 — 0 because, by assumption,

k(cVy) + k*(c€) € L%Mz. O

Ito’s formula yields

t t
IE||u,\(t)||2+2E// 7,\(Vu>\)~Vu>\+2)\E/ Va2
0JD 0
t
= Eluol” +E | 1G(5) 1,13,

and, by Lemma 8.2.4,

t t
Bl +2E [ [ 1-Vu=Blul’+E [ 166z

One then has

T
QIimsupIE//VA(VuA(s))-VuA(s)da:ds
0o JbD

A—0

T
< Bl + B | 1G(6) a1, b~ ninf Ellus ()]

T
< Bluol® + B [ 16z ds ~ Bl

= E/OT/D n(s) - Vu(s)dxds.

Since Vuy — Vu and yz(Vuy) — n weakly in L{ , ,, this implies that 7 € v(Vu) a.e. in

Q% (0,T) x D. We have thus proved the existence and weak continuity statements of Propo-
sition 8.2.1.

In order to show that the solution is unique, we are going to prove that any solution depends

continuously on (ug, G). Let (u;,n;), i = 1,2, satisfy

ui(t) — /Ot divn;(s) ds = uo + /Ot Gi(s)ds

in the sense of Definition 8.1.1, as well as the integrability conditions (on u and 7) of The-
orem 8.1.2. Setting y := uy — ug, Yo = Up1 — Ug2, ( := M1 — N2, and F := G; — G3, one
has

y(t) — /0 div ¢(s) ds = yo + /0 F(s)dW(s)

P-a.s. in L?(D) for all ¢ € [0,T]. For any process h, let us use the notation h®(t) := e=*th(t).
For any a > 0, the integration-by-parts formula yields

Yo (1) + / (— div¢*(s) + ay®(s)) ds = yo + / Fo (s) dW(s),
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hence also, thanks to Lemma 8.2.4,

t t
E||ya<t>||2+2aE/ |\ya<s>|\2ds+m// ¢¥(s) - Vy*(s) du ds
0 0JD
t
<Blol® +E | 1P )

where (¢ - Vy® > 0 by monotonicity. Therefore, taking the L{® norm,

”ya”LgoLayw + \/aHyQHL?

tw,z

S HyOHLi’w + ||FaHLf,w;£2(H7L3)7
that is, using the notation LY () := LP(]0,T],e~**dt) for any p > 0,

[Jur — U2||Lgo(a)L3 .1 valu - u2HL?(a)L3 .
: : (8.2.7)

S llwor —woallpz | +11G1 = Gall L2 (ay 12 22, 12)-

Taking @ = 0 and G = G2 immediately yields the uniqueness of solutions (as well as Lipschitz-

continuous dependence on the initial datum). The proof of Proposition 8.2.1 is thus complete.

8.3 Proof of Theorem 8.1.2

2
t,w,r

2
w,T?

Foranyv € L measurable and adapted, and any .%#y-measurable random variable ug € L

the process B(+,v) is measurable, adapted, and belongs to L%wiﬂ(H, L?), hence the equation
du(t) — divy(Vu(t)) dt > B(t,v(t)) dW (t), u(0) = uo,

is well-posed in the sense of Proposition 8.2.1. Moreover, for any v1, vo and ug1, ugz satisfying

the same hypotheses on v and ug, respectively, (8.2.7) yields

= wall e ez, + Vellon = wallzayrz

S llwor —wozllpz | + 1B v1) = B(sv2)ll 2z 22, 12)-

It hence follows by the Lipschitz-continuity of B that

1
Jur = U2||L§(Q)L3,z S ﬁ(”um - U02||ng + flvr = U2HL§(Q)L371)7 (8.3.8)

where the implicit constant does not depend on «. In particular, denoting by I' the map
(ug,v) — u, one has that v — I'(ug,v) is a strict contraction of Lf(a)Lf)’x for o large enough.
Therefore, by equivalence of norms, v — I'(ug, v) admits a unique fixed point in Liw’m, which
solves (8.1.1) and satisfies all integrability conditions. Such solution is unique as any solution
is a fixed point of v — I'(ug, v).

Let us show that the solution map wy — u is Lipschitz-continuous: (8.3.8) yields, choosing

« large enough,

lur = wallp2(ayp2 < Nilluor —wozlls 4 Nollur — uall g2y

with constants N; > 0 and 0 < Ny < 1, hence, by equivalence of norms,

lur = a2z < lluor —wozll s -
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This in turn implies, in view of (8.2.7) (with o = 0) and the Lipschitz-continuity of B,

[[ur — U2||Lch§uym S lluwor — UOZHLZJ +B(u1) — B('7U2)||L3w,s,ﬂ2(H,L§)

S llwor —wozll gz |+ llur —wallp2pe | S lluor —wozllgs s

which completes the proof.

Remark. A priori estimates entirely analogous to those of Lemma 8.2.2; as well as weak com-
pactness results exactly as in Lemma 8.2.3, can be proved for the regularized equation obtained
by replacing v with vy + AV directly in (8.1.1). It is however not immediately clear how to pass
to the limit as A — 0 in the stochastic integrals appearing in such regularized equations with

multiplicative noise, i.e. to show that B(uy) - W converges to B(u) - W in a suitable sense.






Chapter 9

Doubly singular equations in

divergence form

In this chapter, we prove well-posedness for a class of second-order SPDEs with multiplicative
Wiener noise and doubly nonlinear drift of the form — div~y(V:) + §(:), where + is the subdif-
ferential of a convex function on R? and 3 is a maximal monotone graph everywhere defined on
R, on which neither growth nor continuity assumptions are imposed. These results provide an
effective generalization and give a unifying treatment to the theory presented in Chapters 6-7-8.

The results presented in this chapter are part of the joint work [66] with Carlo Marinelli, to

appear in Atti Accademia Nazionale Lincei. Rendiconti Lincei. Matematica e Applicazioni.

9.1 The problem: literature and main goals

Let D be a bounded domain of R? with smooth boundary and 7 > 0 a fixed number. We shall

establish well-posedness in the strong sense for stochastic partial differential equations of the

type

du(t) — divy(Vu(t)) dt + B(u(t)) dt > B(t,u(t))dW(t)  in (0,T) x D,
w—0 in (0,7) x &D, (9.1.1)
u(0) = ug in D,

where v C R? x R? and 3 C R x R are everywhere-defined maximal monotone graphs, the first
one of which is assumed to be the subdifferential of a convex function k : R — R. Furthermore,
W is a cylindrical Wiener process on a separable Hilbert space U, and B takes values in the
space of Hilbert-Schmidt operators from U to L?(D). Precise assumptions on the data of the

problem are given in §9.2 below.

Equations with drift in divergence type, both in deterministic and stochastic settings, have a
long history and are thoroughly studied, especially because of their physical significance. From
a mathematical point of view, they are particularly interesting because they are fully nonlinear,
in the sense that they do not contain any “leading” linear term. For stochastic equations, the
first well-posedness result is most likely due to Pardoux, as an application of his general results
in [72] on monotone stochastic evolution equations in the variational setting (see also [46] for

improved results under more general assumptions on B). In this case one needs to assume

195
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8 =0 and
ya) oz’ =1, @) ST -1 VeeR?

with p > 1 (the centered dot stands for the usual Euclidean scalar product in R?). These are
precisely the classical Leray-Lions conditions, well known in the deterministic theory (cf. [49]).
In some special cases a simple polynomial-type 5 can be added: for instance, if v corresponds
to the p-Laplacian, i.e. v(z) = |z[" ">z, p > 2, one may consider 8(z) = |2’z (cf. [56, p. 83]).
However, it is well known that if two nonlinear operators satisfy the conditions needed in the
variational setting, their sum in general does not. This phenomenon already gives rise to severe
restrictions on the class of semilinear equations with polynomial nonlinearities that can be
solved by such methods.

In some recent works we have obtained well-posedness results for (9.1.1) under much more
general hypotheses than those mentioned above. In particular, in Chapter 6 we assume that
~ still satisfies the classical Leray-Lions assumptions, but we impose no growth restriction on
B: a very mild symmetry-like condition on its behavior at infinity is shown to suffice. On the
other hand, in Chapter 7 we consider the case § = 0, with no hypotheses on the growth of ~,
but with the additional requirement that v is single-valued (a symmetry-like assumption on ~
is needed in this case as well). Equations with more general, possibly multivalued +, are treated
in Chapter 8, where, however, less regular solutions are obtained.

Our goal is to unify and extend the above-mentioned well-posedness results for equation
(9.1.1), thus treating the case where both v and 8 can be multivalued, without any restriction
on their rate of growth. We shall also show that we can do so without loosing any regularity
of solutions with respect to the results of Chapter 7. The approach we take consists in a
combination of (deterministic and stochastic) variational techniques and weak compactness in
L' spaces. A key feature is the construction of a candidate solution as pathwise limit, in suitable
topologies, of solutions to regularized equations. In particular, due to this type of construction,
in order to obtain measurability properties of solutions, uniqueness of limits is crucial. Roughly
speaking, we can prove that —div~y(Vu) + S(u) is unique, hence that it is measurable, but
showing that each one of them is unique (hence measurable) seems difficult, if not impossible.
This is the reason why v was assumed to be single-valued in Chapters 6 and 7. In the general
setting of this work we thus need different ideas: let uy, v, and ) be suitable regularizations
of u, v, and 3, respectively, and set 1y := vA(Vuy) and &y := Bx(uy). Comparing weak limits,
obtained in different ways, of the image of the pair (), &) under a continuous linear map, we
are going to prove that there exist two limiting processes 7 and &, “sections” of v(Vu) and S(u),
respectively, that are indeed predictable and satisfy suitable uniqueness properties. One may
say that we restore uniqueness working in a suitable quotient space, although quotient spaces
do not appear explicitly.

The well-posedness result obtained here may be interesting also in the deterministic setting,
as our results extend to the doubly nonlinear case the sharpest results available for equations
with 8 =0 and B = 0, whose hypotheses on ~ are identical to ours (cf. [10, p. 207-ff])

The chapter is organized as follows: in Section 9.2 we state the assumptions and the main

result, which is then proved in Section 9.3.

9.2 Main result

Before stating the main result, we fix notation and introduce the necessary assumptions.

As already mentioned, D stands for a bounded domain in R? with smooth boundary. We
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shall denote the Hilbert space L?(D) by H, its norm and scalar product by ||-|| and (-,),
respectively. We shall denote the Dirichlet Laplacian on L'(D) (as well as on L?(D), without
notationally distinguish them) by A.

Let (2,.%,P) be a probability space, endowed with a filtration (%;),cj0,1) satisfying the
so-called usual conditions, on which all random elements will be defined. Equality of stochastic
processes is meant to be in the sense of indistinguishability, unless otherwise stated. We assume
that the diffusion coefficient

B:Qx[0,T] x H— Z£*U,H)

is such that B(:,-,h) is progressively measurable for all h € H, and there exists a positive

constant Np such that

1B, t,2)]] gy < No(1+ |2]),

|B(w,t, ) = B(w, t,y < Npfz -y

M a2

for all (w,t) € Q x [0,T] and x,y € H. Moreover, let the initial datum uy be Fy-measurable
with finite second moment, i.e. ug € L?(Q,.%o; H).

Let k: R? — R, be a convex function with k(0) = 0 such that

lim sup

< +o00, lim —= =+

|z|—+o00 ‘$|
(we shall call the second condition superlinearity at infinity). Then its subdifferential ~ := 0k
is a maximal monotone graph in R? x R?. We assume that the domain of v coincides with R?,
which implies that k*, the convex conjugate of k, is superlinear at infinity as well. Moreover,

let j : R — R, be a further convex function with 5(0) = 0 such that

lim sup J(x)
|z|—+o00 J (_x)

< 400,

whose subdifferential 8 := 95 is an everywhere defined maximal monotone graph in R x R, so
that j* is superlinear at infinity. All notions of convex analysis and from the theory of maximal
monotone operators used thus far and in the sequel are standard and are treated in detail, for

instance, in [10].

We can now give the notion of solution to (9.1.1) that we are going to work with. Throughout
the work, Vj is a separable Hilbert space continuously embedded in both W°°(D) and H{ (D):
for instance one can take, thanks to Sobolev embedding theorems, Vy := HEF(D) for k € N

sufficiently large. Moreover, the divergence operator is defined as

div: LY(D)? — V]
fr=g=—(f,Vg)],

which is thus linear and bounded. In fact, for any f € L'(D)? and g € V),
£V < ooy lgllwrs S 1l oy gl

because Vj is continuously embedded in W1,

Definition 9.2.1. A strong solution to (9.1.1) is a triplet (u,n,§), where u, 1, and & are
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adapted processes taking values in W&’I(D) N H, LY(D)?, and L'(D), respectively, such that
n € y(Vu) and € € B(u) a.e. in Q2 x(0,T)x D,

u e LO(Q;C([0,T); H)) N LO(Q; LY (0, T; Wy ' (D)),
n€ L LY((0,T) x D)),
¢ e L% LY((0,T) x D)),

Vu-n+ué € LO(Q; LY((0,T) x D)),

and

for all p € V.

The last identity in the above definition is equivalent to the validity in the dual of Vj of the
equality

u— / divn(s)ds + / &(s)ds =ug+ / B(s,u(s)) dW (s).
0 0 0
Note that u, ug and the stochastic integrals take values in H and the third term on the left-
hand side takes values in L'(D), hence also the second term on the right-hand side belongs to
L'(D), so that the equality holds also in L'(D). The same reasoning implies that the sum of
the second and third terms on the left-hand side take values in H, so that the above equality

can also be seen as valid in H.

The main result of the chapter is the following. The proof is given in §9.3 below.

Theorem 9.2.2. There ezists a strong solution (u,n,£) to equation (9.1.1). It is predictable

and satisfies the following properties:

we L5 C(0,T); H)) N LMQ; L0, T5 W2 (D)),
ne LY (Qx (0,T) x D)4,
£ LM% (0,T) x D),
Vu-ne L' Q% (0,T) x D),
ué € L' x (0,T) x D).

Moreover, the solution map

L*(Q, Fo; H) — L*(2;0([0,T]; H))
Uy — U
is Lipschitz-continuous. In particular, if (u1,m,&1) and (ug,n2,&) are any two strong so-

lutions satisfying the properties above, then uy = us and —divy; + & = —divys + & in
L3(;C([0,T); H)) and LY (5 LY(0,T; Vy)), respectively.
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9.3 Proof of Theorem 9.2.2

9.3.1 It6’s formula for the square of the H-norm

We establish a version of It6’s formula for the square of the H-norm in a generalized variational
setting, which will play an important role in the sequel. The result is interesting in its own
right, as it does not follow from the classical ones in [46, 72|, and is apparently new for Ito

processes containing a drift term in divergence form with minimal integrability properties.

Proposition 9.3.1. Let Y, f, and g be measurable adapted processes with values in H N
Wy (D), LY(D), and L*(D), respectively, such that

Y e LO(Q; L>=(0,T; H)) N L°(Q; LY (0, T; W, ' (D)),
fe L% LM((0,T) x D)?),
g € LYQ; L'((0,T) x D)),

and there exists constants a, b > 0 such that
k(aVu) + k*(af) + j(bu) + j*(bg) € L°(Q; L' ((0,T) x D)).

Moreover, let Yy € L°(Q, Fo; H) and G be an £*(U, H)-valued progressively measurable process
such that G € L°(Q; L?(0,T; £*(U, H))). If

Y—/O-divf(s)ds+/0.g(s)ds:Yo—i-/OAG(s)dW(s)

as an identity in Vj, then

VI [ [ - wveass [ [ oy as

1 1 [
= 5I01+ 5 [ 166 ds + [ VG aw(s)

Proof. The proof is essentially a combination of arguments described in great detail in Chap-
ters 3 and 7, hence we shall limit ourselves to a sketch only. Using a superscript § to denote
the action of (I —JA)~™, for a sufficiently large m € N, we have, thanks to Sobolev embedding

theorems and classical elliptic regularity results,

5—.iv‘sss .68325 .53 s
y /od f()d+/og()d Y0+/OG<>dW<>

as an identity of H-valued processes. It6’s formula for Hilbert-space valued continuous semi-

martingales thus yields

Vs [ e v [ [ ferieas

. , (9.3.2)
1 1
=51+ 5 [ 16 @y s+ [ VG () W ().
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Thanks to the assumptions on Y, f, g ad G, it easily follows that, P-a.s.,

Y — Y, inAH,
Yo(t) — Y(t) in H Vtel0,T),
fo—f  inLY(0,7) x D)4,
9P —yg in L'((0,T) x D),
G’ — G in L*(0,T; 2*(U,H)).
Similarly, using simple properties of Hilbert-Schmidt operators and the dominated convergence

theorem, it is not difficult to verify that the quadratic variation of (Y°G? —Y'G) - W converges
to zero in probability, so that

/Y5G5dW—>/ YGdW
0 0

uniformly (with respect to time) in probability. Furthermore, thanks to the hypotheses on k
and j, the families (Vu® - Y°) and (¢°Y?®) are uniformly integrable in (0,T) x D P-a.s., hence

by Vitali’s theorem we also have that, P-a.s.,

fO-VY® — f-VY in LY((0,7) x D),
PV — gy in L*((0,T) x D).
The proof is completed passing to the limit as § — 0 in (9.3.2), in complete analogy to Sec-

tions 4.3 and 7.3. O

Corollary 9.3.2. Under the assumptions of the previous proposition, one has
Y € L°(Q;C([0,T); H)).

Proof. Since Y € L*>°(0,T; H)NC([0,T]; Vy), the trajectories of Y are weakly continuous in H

(see, e.g., [79]). Moreover, by Ito’s formula one has

SV @I - Iy e u+//f VY (s w+//

/anywm@+/Yum>m«>

for every r, t € [0,T]. This implies, by an argument analogous to the one used in Chapter 3.3,
that the function t — ||Y'(¢)|| is continuous on [0, T]. By a well-known criterion we thus conclude

that Y has strongly continuous trajectories in H. O

9.3.2 Well-posedness in a special case

As a first step we prove existence of solutions to (9.1.1) assuming that the noise is of additive
type and that
B € L*(Q; L*(0,T; £*(U, Wy))).

For any A > 0, let v, and B denote the Yosida approximations of v and (, respectively, and

consider the regularized equation

duy(t) — Muy(t) dt — divya(Vux(t)) dt + Ba(ux(t)) dt = B(t) dW (t), ux(0) = uo.
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Since 7, and B, are monotone and Lipschitz-continuous, it is not difficult to check that the

operator

¢ —> —AAG — divya (Vo) + Br(0)

is hemicontinuous, monotone, coercive and bounded on (Hg (D), H, H=1(D)), so that the clas-

sical results by Pardoux |72 provide existence and uniqueness of a variational solution
ux € L*(Q; C([0, T); H)) N L*(; L*(0, T Hy (D))

The a priori estimates on the solution u) contained in the next lemma can be obtained essentially
as in Chapters 2, 6 and 7.

Lemma 9.3.3. There exists a constant N independent of A such that
2 2
luallzzseo,mmy) + AMMVUAlL20: 020,70
+ 7 (Vua) - Vuall o o,mx 0y T 18x@x)uall prox o,myxpy <N

for all X € (0,1). Furthermore, there exists Q' € .F with P(Q) = 1 such that, for every w € €,

there exists a constant M (w) independent of A such that
2 2
lux(@)leo,rym) T AVUr @) 20,7751y
+ [ (Vur(w)) - Vux(@)ll o,myxpy + 18 (ua(@))ua(@)l 110,75y < M(w)

for all X € (0,1).

Proof. Tt is an immediate consequence of the (proofs of the) Lemmata 7.4.3-7.4.6, for the part
involving v, and Lemmata 2.4.3-2.4.6, for the part involving (. O

Since

E* (7 (Vua)) < K (a(Vua)) + k(1 4+ M)~ Vux) = 7a(Vua) - (I + Xy) "' Vuy
<n(Vuy) - Vuy

and

G (Balun)) < 55 (Ba(un)) + (1 +A8) " un) = Balur) (I 4+ AB) tun < Balun)un,

we infer that the families (k*(yx(Vuy))) and (5*(Ba(uy))) are uniformly bounded in L'(€ x
(0,T) x D). Therefore, recalling that k* and j* are superlinear, thanks to the de la Vallée-
Poussin criterion and the Dunford-Pettis theorem we deduce that the families (v (uy)) and
(Br(uy)) are relatively weakly compact in L*(Q x (0,T) x D)¢ and L*(Q x (0,T) x D), respec-
tively. Analogously, the families (v (ux(w))) and (Bx(ux(w))) are relatively weakly compact in
LY((0,7) x D)% and L'((0,T) x D), respectively, for P-a.e. w € .

Let € be as in the previous lemma and take w € '. Then we have, along a subsequence \
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of A depending on w,

un (w u(w)  weakly* in L>°(0,T; H),
Vuy (w Vu(w) weakly in L'((0,T) x D)%,
Ny (w in L*(0,T; Hy (D)),

0
n(w)  weakly in L'((0,T) x D),
¢(w)  weakly in L'((0,T) x D),

hence, by passage to the weak limit in the regularized equation taking test functions in Vj, we

have

u—/o divn(s)ds—l—/o §(s)d8:u0—|—/o B(s) dW (s). (9.3.3)

Moreover, by the lower semicontinuity of convex integrals, it also follows that
k(Vu(w)) + k* (n(w)) + j(u(w)) + 5" (€(w)) € L((0,T) x D).

Arguing as in Chapters 2 and 7, one can show that the process u constructed in this way is
unique in the space L?(Q; C([0,T]; H)). This ensures in turn that the convergences of (uy) to

u hold along the entire sequence A, which is independent of w. In particular, we have that
uy(w) — u(w) weakly in L?(0,T; H) Vw € Q.

Since (uy) is bounded in L?*(Q x (0,T) x D), we deduce that u, converges weakly to u also
in L?(Q x (0,7); H). Hence, by a direct application of Mazur’s lemma, we infer that u is
a predictable process with values in H. Unfortunately a similar argument does not apply
to n and . In fact, by uniqueness of u, we can only infer from (9.3.3) that —divny + & is
unique: namely, assume that (n;(w),&;(w)), i = 1,2, are weak limits in L1(0,T; L*(D))%+! of
(7 (Vua(w)), Ba(uy)) along two subsequences of A (depending on w). Then

/ (=div(im —m2) + (& —&))ds=0  Vte[0,T],

0

hence — div(m —n2) + (&1 — &2) = 0, or, equivalently, — divn; +&; = — divny + & in V] for a.a.
t € [0,7T]. However, this allows us to claim, setting 1 := v, (Vuy) and &y := Ba(uy), that

—divyy + & — —divp+ ¢ weakly in L' (0, T; V) Vw e

along the whole sequence ), thanks to the same uniqueness argument already used for u. In

fact, let us set, for notational convenience,

o LY(D) — vy
(v, f)— —divo+ f

and ¢y := (mx,&x), € := (n,£). Note that @, being a linear bounded operator, can be extended
to a linear bounded operator from L'((0,T) x D)¥*! ~ L1(0,T; L*(D)¥*!) to L1(0,T;Vy), also
when both spaces are endowed with the weak topology. Then () — ¢ weakly in L*((0,T)x D)+!
implies that ®(, — ®¢ weakly in L*(0,T;V{) for all w € €. Such a convergence, however,
does not allow to infer that — divn+ ¢ is predictable as a Vjj-valued process. The reason is that

we may certainly find, by Mazur’s lemma, a convex combination of —divny + £, converging
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strongly to —divn + & in L1(0,T; V() for all w € Q/, but such a convex combination would
depend on w, bringing us back to the same problem we are trying to solve.* In order to show

that —divn 4+ £ is indeed predictable, we are first going to prove that
—divyy +& — —divp+ ¢ weakly in L' (Q x (0,7); Vy).

We have just shown that

/0 (8¢ (w,1), 6(t)) dt — /0 (8 (w, 1), 6(1)) dt

for all ¢ € L>(0,T;Vp), for all w € ', where (-,-) stands for the duality between Vj and
V§' = Vo. Let ¢ € L®°(Q x (0,T); Vo). Then ¢(w,-) € L>(0,T;V}) for P-a.e. w € Q. Indeed,
the set

A= {(w, ) €% [0,T]: [[9(w, D)y, > H’l/)HLOO(QX(O,T);VO)}

belongs to # ® %([0,T]), and, by Tonelli’s theorem,

A|:/Q/OT 1AdtdIP’:/QLeb(Aw)IP’(dw),

where |A| denotes the measure of A and A, stands for the section of A at w, i.e.
Ay ={t€0,T]: (w,t) € A},

which belongs to #([0,T]) for P-a.e. w € Q. Since |A| = 0, it follows that |A,| = 0 for P-a.e.
w € Q. This implies, by definition of A, that ¥(w,-) € L>(0,T) for P-a.e. w € . Consequently,

we have

/0<<I>C,\(w,t),w(w,t)>dt—>/0 (D¢, 1), V(. 1)) dt

for P-a.e. w € Q. To complete the argument it is then enough to show that the left-hand side,
as a subset of L°(Q) indexed by ), is uniformly integrable. To this end, we collect some simple

facts about uniform integrability in the following lemma.
Lemma 9.3.4. Let (X, o/, m) be a finite measure space and I an arbitrary index set.

(a) Let (fi)ier, (9i)ier C LY(X;R™) be such that |fi| < |gi| for alli € I and assume that (g;)

is uniformly integrable. Then (f;) is uniformly integrable.

(b) Let (f;) € L°(X;R™) be uniformly integrable and ¢ € L>°(X;R™). Then (¢- f;) C LY(X)

s uniformly integrable.

(c) Let F : R™ — R with F(0) = 0 be convex and superlinear at infinity, and (f;) C L°(X;R™)
be such that (F o f;) is bounded in L*(X). Then (f;) is uniformly integrable.

(d) Let (Y, %,n) be a further finite measure space. If (fi) C L°(X x Y, o ® B, m @n;R") is
uniformly integrable, then (g;) C LO(X;R™) defined by

g = /Y £ ) n(dy)

s uniformly integrable.

*We could just say that —divn + £ is weakly measurable with respect to # and the Borel o-algebra of
LY(0,T; V{). Since this space is separable, by Pettis’ theorem we also have strong measurability. This observa-
tion, however, does not seem to imply the desired result.
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Proof. (a) is an immediate consequence of the definition of uniform integrability.

(b) Let € > 0. By assumption, there exists 6 = d(¢) > 0 such that
/ |filgndm < —— VA€o, m(A) <.
A 161l Loe

Then

gn dm <e.

/A!vé-fi\dms ||<z>HLm/A|fi

(c) is a variation of the classical criterion by de la Vallée-Poussin. A detailed proof (which
is nonetheless very close to the one in the standard one-dimensional case) can be found in
Chapter 7.

et € > 0. By assumption, there exists 0" = 0'(¢) > 0 such that
d) L 0. B i h ists &' = ¢’ 0 h th

/C!fi

Let 6 :=¢'/n(Y) and A € & with m(A) < J. Then

/

because m @ n(A xY) =m(A)n(Y) < in(Y) =4". O

pmdm@n<e VOe€d @B, mon(C)<d.

/ fi(w, y) nldy)
Y

. m(dzx) < /Axy|fi(x,y)|Rn m(dz)n(dy) < e

Let us now resume with the main reasoning. Since

/OT<<I>CA71/J> S 1/’||Loc(9x(o,T);v0)</OT/D|77A| +/OT/D|§A|>,

by parts (a), (b) and (d) of the previous lemma it is sufficient to show that (1)) and (&,) are
uniformly integrable in 2 x (0,7") x D. But this is true, in view of part (c) of the previous lemma,
because k*(1)) and j* (&) are uniformly bounded in L*(2 x (0,T) x D). Vitali’s theorem then
yields

T T
/ (D (w0, 8), (e, 8)) dt —> / (8w t), blw,t))dt in L}(Q),
0 0
hence, in particular,

®(nx, &) — (n,€)  weakly in L'(Q x (0,7); Vy).

Furthermore, from the uniform integrability of (n) and (£,) in 2 x (0,7) x D it also follows

that, along a subsequence p of A,
(M &) — (7,€)  weakly in L'(Q x (0,T) x D),

hence also
(0, &) — (7,€)  weakly in LH(Q x (0,7); V).

An application of Mazur’s lemma yields, in complete analogy to the case of u, that 77 and £ are
predictable processes with values in L'(D)? and L'(D), respectively. Since p is a subsequence

of A\, by uniqueness of the weak limit we have that ®(n,¢) = ®(7,£), i.e.

—divy+ &= —diviy+ &
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This implies that the identity (9.3.3) remains true with 7 and & replaced by 77 and £, respectively.
In other words, modulo relabelling, we can just assume, without loss of generality, that 1 and
¢ in (9.3.3) are predictable and that

(77)\7§A) — (777£) Weakly in Ll(Q X (OvT) X D)d+1'

By weak lower semicontinuity and Lemma 9.3.3, this also implies, arguing as in Chapters 2, 6
and 7, that

we L3(Q; L=(0,T; H)) N L*(; L (0, T; Wy (D)),
ne L' (Qx (0,T) x D),
£ L' x (0,T) x D),
k(Vu) +k*(n) = Vu-n € L*(Q x (0,T) x D),
Glu) +5%(€) = ué € L*(Q x (0,T) x D).

In order to show that n € v(Vu) and € € B(u) a.e. in Q x (0,7) x D, it suffices to prove, by

the maximal monotonicity of v and g, that

T T
limsupIE/O /D(TIA'VUA‘i‘f/\U/\) §E/O /D(n-Vu—i—gu). (9.3.4)

A—0

To this purpose, note that the ordinary It6 formula and Proposition 9.3.1 yield

*EHU,\ -HE// M- Vuy + Euy) = *]EHUO” +35 E/ |B(s H,s,ﬂz U,H)

and
fIEHu —HE// n- VU+€U):*EHUOH +5 E/ |B(s Hz?(UH

respectively (the stochastic integrals appearing in both versions of Itd’s formula are in fact
martingales, not just local martingales, hence their expectation is zero). Since uy(T") — u(T")
in L2(€; H), one has E|ju(T)|* < liminfy_ E|lux(T)||*, hence, by comparison, (9.3.4) follows.

Finally, the strong pathwise continuity (in H) of u is an immediate consequence of the

corollary to Proposition 9.3.1.

Remark 9.3.5. Another way to “restore” uniqueness of limits for the pair ¢, = (nx,&)) is to
view it as element of the quotient space L'(D)%*!/M, where M := ker . Note that M is a
closed subset of L' (we suppress the superscript as well as the indication of the domain just
within this remark), as the inverse image of the closed set {0} through a continuous linear
map, hence L'/M is a Banach space. However, working with the spaces L'(0,T; L*/M) and
LY (2% (0,T); L* /M) present technical difficulties due to the fact that their dual spaces are hard
to characterize. A bit more precisely, this has to do with the fact that the dual of L'(0,T; E)
is L>°(0,T; E') if and only if E has the Radon-Nikodym property. This property is enjoyed by
reflexive spaces, but not by L! spaces (see, e.g., [33]).

9.3.3 Well-posedness in the general case

Let us consider now equation (9.1.1) with general additive noise, i.e. with

B e L*(Q; L*(0,T; £*(U, H))).
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Thanks to classical elliptic regularity results, there exists m € N such that the (I — dA)™™
is a continuous linear map from L'(D) to W1>°(D) N H}(D) for every § > 0. Setting then
Vo := (I —A)"™(H) and B := (I —§A)™™B, we have B® € L?(Q; L?(0,T;.2%*(U,Vp))), hence,

by the well-posedness results already obtained, the equation
du® — divy(Vu®) dt + B(u’) dt > B dW,  u5(0) = uo,

admits a strong solution (u’,7°,£%). Arguing as in Chapters 2, 6 and 7, one can show using
to’s formula that (u?) is a Cauchy sequence in L?(Q; C([0,T]; H)) and that (Vu?), (%), and
(€9) are relatively weakly compact in L' (€2 x (0,T) x D), so that

w® —u in L2(Q;0([0,T); H)),

uw’ — u  weakly in L*(Q

X (0,7); Wy (D)),
n’ —n  weakly in L1(Q x (0,T) x D)%,
0,T

) x D),

7

€ — ¢ weakly in LY(Q x (0,
from which it follows that (u,n,&) solves the original equation. Moreover, the strong-weak
closure of § readily implies that £ € f(u) a.e. in Q x (0,7) x D. Finally, arguing as in the

previous subsection, by weak lower semicontinuity of convex integrals and It6’s formula one can

show that
T T
limsupIEl//m-Vu)\SIE//77-Vu7
A—0 o JD 0o Jp

so that n € v(Vu) a.e. in Q x (0,T) x D as well.

Continuous dependence on the initial datum is a consequence of It6’s formula and the
monotonicity of v and . Finally, the generalization to the case of multiplicative noise follows
using the Lipschitz continuity of B and a classical fixed point argument. A detailed exposition

of the arguments needed to prove these claims can be found in Chapters 2, 6 and 7.
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