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Abstract

We introduce an extended variational framework for nonlinear SPDEs with unbounded noise,
defining three different solution types of increasing strength along with criteria to establish
their existence. The three notions can be understood as probabilistically and analytically weak,
probabilistically strong and analytically weak, as well as probabilistically and analytically strong.
Our framework facilitates several well-posedness results for the Navier-Stokes Equation with
transport noise, equipped with the no-slip and Navier boundary conditions.
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Introduction

The theoretical analysis of stochastic partial differential equations, abbreviated to SPDEs, has been
recently established as one of mathematics’ most exciting prospects. Attention has long been given
to these equations due to their rich applications in areas such as turbulence, population dynamics,
finance and neuroscience, of which more can be understood from the monographs [39, 40, 49] and
references therein. The area’s newfound spike in popularity can be attributed to developments
across both analytical techniques and modelling. Indeed, Martin Hairer’s Fields Medal winning
work on regularity structures, [27], gave rigorous meaning to a drastically extended class of SPDEs
which are ill-defined in standard function spaces due to spatial irregularities. At a similar time,
Gubinelli, Imkeller and Perkowski developed a theory of paracontrolled distributions, [25], which
again provided a toolkit for the seemingly intractable theory of distribution-valued SPDEs. These
techniques are of a very different flavour to the more classical variational approach pioneered by
Etienne Pardoux, [48], whereby the equation is formatted in a Gelfand Triple for a noise valued in
the Hilbert Space.

From the modelling perspective, it is in applications to fluid dynamics and turbulence where
the literature has been thriving. The choice of noise to best encapsulate physical properties of
fluid equations is in constant study, now yielding a strong argument for transport type stochastic
perturbations (where the stochastic integral depends on the gradient of the solution). The paper
of Brzezniak, Capinski and Flandoli [4] in 1992 was one of the first to bring attention to the
significance of these equations with transport noise, whilst such ideas have recently been cemented
through the specific stochastic transport schemes of [29] and [43]. In these papers Holm and
Mémin establish a new class of stochastic equations driven by transport type noise which serve
as fluid dynamics models by adding uncertainty in the transport of fluid parcels to reflect the
unresolved scales. The physical significance of such equations in modelling, numerical analysis and
data assimilation continues to be well documented, see [1, 5, 7, 8,9, 10, 11, 14, 15, 17, 30, 31, 34, 35,
54] and in particular [16] for a comprehensive account of the topic. Towards their analysis, however,
these equations find themselves in a structural limbo. The first-order noise operator introduces a
singularity into the Hilbert Space of the variational framework, so such equations do not fit into this
classical theory. The noise is, however, still well-defined in traditional function spaces, suggesting
that the heavy machinery and distribution-tailored approaches of Hairer, Gubinelli et al. are not
particularly appropriate. Our approach is to extend techniques of the variational framework in
order to treat nonlinear SPDEs with potentially unbounded noise in their optimal spaces. More
precisely, our object of study is the equation

t t
¥, =P, —1—/ A(s, ®)ds +/ G(s, Ws)dW; (1)
0 0

framed for a triplet of embedded Hilbert Spaces
Vo H<—U,

where W is a Cylindrical Brownian Motion over some auxiliary Hilbert Space 4, and G (over ) is
unbounded on H but maps H into U. The complete setup is given in Subsections 1.2 and 1.3. We
consider three different notions of solution, increasing in strength and hence in the assumptions
imposed. In brief, these are:

e Martingale Weak Solutions: these solutions are probabilistically weak, as well as an-
alytically weak in the sense that the identity (1) is not satisfied in U but rather in the



dual space H* of H, with U embedded into H*. Solutions belong, pathwise, to the space
L ([0,T);U) N L% ([0, T); H). Martingale weak solutions are defined in Definition 2.5. Their
existence is the content of Theorem 2.7.

e Weak Solutions: these solutions are probabilistically strong, whilst analytically weak in the
above sense. Solutions again belong, pathwise, to the space L ([0,7];U) N L2 ([0,T); H).
Weak solutions are defined in Definition 3.3. Their existence and uniqueness is the content
of Theorem 3.5.

e Strong Solutions: these solutions are probabilistically strong, as well as analytically strong
in the sense that the identity (1) is satisfied in U. Solutions belong, pathwise, to the space
L>([0,T); H) N L2 ([0, T); V). Strong solutions are defined in Definition 4.3. Their existence
and uniqueness is the content of Theorem 4.5.

The variational approach to nonlinear SPDEs with additive and multiplicative noise has long
been studied, initially in the works [26, 33, 48] and more recently [13, 36, 37, 38, 46] to name just a
few. For an unbounded noise operator, necessary in applications to transport noise models, much
less has been developed. Let us first mention the paper of Rockner, Shang and Zhang, [53], where
the norm of G(s, f) in U can depend on the H norm of f but only up to a small constant relative
to the coercivity of A(s,-). Such an assumption is relieved in our case, in practical applications by
obtaining precise cancellation through the It6-Stratonovich corrector of a Stratonovich transport
noise. In this case, the It6-Stratonovich corrector appears in the drift A. Tang and Wang, [55],
consider solutions for a doublet of embedded Hilbert Spaces, H — U, with pathwise continuity in
H and satisfying the evolution equation in U. Contrasting the more traditional triplet of spaces,
their result is built for inviscid fluid equations in which the additional L? ([0,77],V) regularity is
not expected. Whilst viscous fluid equations may well be solvable in this framework, above optimal
regularity on the initial condition would be necessary and the additional expected L2 ([0,T],V)
property would not be immediately recovered. Therefore, our framework serves a distinct purpose
and we see these results as complementary. The final result of which we are aware is the author’s
previous paper with Crisan and Lang, [24], in which a local existence result is obtained with a
blow-up criterion in the energy norm of existence. Forthwith, this suggests a different role for the
current paper in applications. We illustrate how one can use these criteria to obtain solutions to
stochastic Navier-Stokes equations, in D dimensions with initial condition wug; a more complete
description comes in Section 5:

e 2D, ug € L?: existence and uniqueness of probabilistically strong, analytically weak solutions
is expected; one can apply Theorem 3.5, see Theorems 5.2, 5.3.

e 2D, ug € Wh2: existence and uniqueness of probabilistically strong, analytically strong solu-
tions is expected; one can apply Theorem 4.5, see Theorem 5.4.

e 3D, ug € L?: existence of probabilistically weak, analytically weak solutions is expected; one
can apply Theorem 2.7, see Theorem 5.1. We appreciate, however, that the emergence of
convex integration techniques in SPDEs suggests that probabilistically strong, analytically
weak solutions could be obtainable, even in the absence of uniqueness; see [28], for example.

e 3D, ug € Wh2: existence of probabilistically strong, analytically strong local solutions is
expected; one can apply the results of [24], for which complete details of the application are
given in [22].



We now explain the plan of the paper along with the overarching methods and contributions at
each stage:

e Section 1 is devoted to the setup of the problem in terms of notation, along with the basic
stochastic and functional framework.

e Section 2 treats martingale weak solutions. The necessary assumptions on the functions A, G
are stated as Assumption Set 1 in Subsection 2.1. The definition of a solution and statement
of the existence is given in Subsection 2.2, with the remaining subsections dedicated to its
proof. Our approach is to consider a finite-dimensional approximating sequence of solutions,
known as a Galerkin System, which is shown to exhibit a limiting solution through tightness
and relative compactness arguments. The Galerkin System is constructed in Subsection 2.3,
where uniform moment estimates in the energy norm of solutions are also obtained. The
tightness is verified in Subsection 2.4, whilst passage to the limit occurs in Subsection 2.5.

e Section 3 concerns weak solutions. Assumption Set 1 is expanded upon in order to obtain
uniqueness, giving rise to Assumption Set 2 of Subsection 3.1. The definition of a solution
and statement of the existence and uniqueness is given in Subsection 3.2. The proof is given
in Subsection 3.3, where uniqueness facilitates passage from martingale weak solutions to
weak solutions through a classical Yamada-Watanabe result. We draw attention to the fact
that martingale weak solutions are only shown to exist for an initial condition belonging to
L (Q;U); weak solutions are initially shown to exist only for such an initial condition as
well, though this is then relieved to the unbounded case. The method involves chopping up
the unbounded initial condition onto intervals on which it is bounded, obtaining the relevant
solutions, and then piecing these solutions together to obtain one for the original unbounded
initial condition. We are unable to execute this approach for probabilistically weak solutions,
as for each interval on which the initial condition is bounded one may obtain a solution on a
distinct probability space.

e Section 4 addresses strong solutions. Our assumptions are again expanded with Assumption
Set 3 in Subsection 4.1. The result boils down to showing that the weak solution has the
additional regularity of a strong solution. The first step towards this end is taken in Subsection
4.3 where uniform estimates at the level of the Galerkin System are shown, for the energy norm
of strong solutions, up until first hitting times of the processes in the energy norm of weak
solutions. Relative compactness arguments ensure that our weak solution gains this regularity
up until any stopping time which is less than at least a subsequence of the aforementioned
first hitting times. Two questions now present themselves in looking to quantify these times:

1. Can such a lesser stopping time be chosen to be P — a.s. positive?

2. If we increase the threshold for the first hitting times, can this lesser stopping time be
taken to infinity?

The first question was answered by Glatt-Holtz and Ziane in [19], Lemma 5.1. The abstract
lemma asserts that, under assumptions of a Cauchy property of the Galerkin System up until
their first hitting times and some weak equicontinuity at the initial time, then a limiting
process and P — a.s. positive stopping time smaller than a subsequence of the first hitting
times exist (which are then argued to be a local strong solution, as a limit of the Galerkin
Approximation). No characterisation of this limiting stopping time is given though, hence
completely separate arguments are required to pass to a maximal solution and further still



to show that the maximal solution is global. Complete, and heavy, arguments to give rise
to a maximal strong solution, and further to characterise the maximal time by the blow-up
in the energy norm of strong solutions, are given in [24] Subsection 3.6. Further still, global
solutions would then be deduced by directly controlling the energy of the solution, which
requires analysis in a space in which the evolution equation may not hold; this is certainly
true of the example which we consider in Subsection 5.1.

We clarify the second question with an extension of [19] Lemma 5.1, Proposition 6.1. This
proposition greatly simplifies the quoted procedure for maximality and blow-up, and enables
global solutions to be deduced through an estimate of the energy norm of weak solutions,
requiring analysis in a space in which the evolution equation certainly does hold. The ex-
tension is such that if instead one imposes that the processes satisfy a weak equicontinuity
assumption at all times then the limiting stopping time can be taken as a first hitting time
of the limiting process for an arbitrarily large hitting parameter. Application of this result
immediately yields that solutions exist up until blow-up, pertinently as blow-up in the energy
norm of weak solutions in our application; we emphasise again the advantage that this has,
as the previous approaches discussed would only produce a characterisation of the maximal
time in the energy norm of the strong solution. Our result demands a higher level estimate
only for the Galerkin System, which is clearer as the evolution equation is satisfied in all rel-
evant spaces. We state the result abstractly and in the appendix given its significance in the
broader theory of SPDEs. Towards the application of Proposition 6.1, the Cauchy property
is validated in Subsection 4.4 with the equicontinuity following in Subsection 4.5. This is
all tied together in Subsection 4.6, before a discussion around the potential continuity of the
process in Subsection 4.7.

Section 5 sketches the applications of the main results of the paper to the 2D and 3D Navier-
Stokes Equations with Stochastic Lie Transport, under both the no-slip and Navier boundary
conditions. The equation is properly introduced there, with further details in [22].

Section 6 concludes the paper, firstly in Subsection 6.1 with the statement and proof of
the aforementioned Cauchy result (Proposition 6.1), followed by Subesection 6.2 with the
statements of useful results from the literature. These include the existence and uniqueness
in finite-dimensions (Proposition 6.3), the energy identity (Proposition 6.4), a Stochastic
Gronwall Lemma (Lemma 6.5) and tightness criteria (Lemmas 6.6, 6.7).

1 Preliminaries

1.1 Elementary Notation

In the following ¢ C RY will be a smooth bounded domain equipped with Euclidean norm and
Lebesgue measure A. We consider Banach Spaces as measure spaces equipped with their corre-
sponding Borel o-algebra. Let (X, ) denote a general topological measure space, (), ||-[|y) and
(Z,]]-lz) be separable Banach Spaces, and (U, (-,-);), (H,(-,-)3) be general separable Hilbert
spaces. We introduce the following spaces of functions.

e [P(X;)) is the class of measurable p—integrable functions from X into ), 1 < p < oo, which
is a Banach space with norm

60y = [ N0 ).

4



In particular L?(X;)) is a Hilbert Space when ) itself is Hilbert, with the standard inner
product

(6 9) 2y = /X (6(), () y u(de).

In the case X = ¢ and ) = R¥ note that

N
9132y = 3 ¢ b= (), 0K
=1

L2(OR)’

We denote H'HLP(@;RN) by ||| » and ”'”L2(0;RN) by |-

L>(X;)) is the class of measurable functions from X into ) which are essentially bounded.
L*>(X;)Y) is a Banach Space when equipped with the norm

@1l o (x,py = Inf{C > 0 : [[¢(2)|y < C for pra.e. v € X}.

C(X;)) is the space of continuous functions from X" into ).

Cy(X;)Y) is the space of ‘weakly continuous’ functions from X into ), by which we mean
continuous with respect to the given topology on X and the weak topology on ).

C™(0;R) is the space of m € N times continuously differentiable functions from & to R, that
is ¢ € C™(0;R) if and only if for every 2 dimensional multi index o = g, g with || < m,
D¢ € C(O;R) where D is the corresponding classical derivative operator 0! 052

C*°(0;R) is the intersection over all m € N of the spaces C™(0;R).

CJM(O;R) for m € N or m = oo is the subspace of C"(0; R) of functions which have compact
support.

C™(O;RN), CI'(0;RYN) for m € N or m = oo is the space of functions from ¢ to R whose
component mappings each belong to C™(0;R), Cg*(O;R).

W™mP(0;R) for 1 < p < oo is the sub-class of LP(&,R) which has all weak derivatives up to
order m € N also of class LP(€¢,R). This is a Banach space with norm

1815 moiomy = D 1Dl ()

|| <m

where D% is the corresponding weak derivative operator. In the case p = 2 the space
W™2(¢0,R) is Hilbert with inner product

<¢7 ¢>Wm72(6’;]R) = Z (Daqb’ Da¢>L2(0’;R) :

laf<m

W (¢;R) for m € N is the sub-class of L>°(&,R) which has all weak derivatives up to
order m € N also of class L>°(¢,R). This is a Banach space with norm

WHWmoo(ﬁR) = sup [|DY¢|| 1 (ORN) -

laj<m



o W™ (¢;RN) is the sub-class of L>°(&, R"V) which has all weak derivatives up to order m € N
also of class L>(¢,R"V). This is a Banach space with norm

|6y = sup o

Wm.oo(G;R)

o W"P(O;R), WP (0;RYN) for m € Nand 1 < p < oo is the closure of C§°(0;R), C§°(0;RY)
in WmP(@;R), WP (0;RN).

o Z(Y; Z) is the space of bounded linear operators from ) to Z. This is a Banach Space when
equipped with the norm

1Pz = sup |Fyllz
llylly=1

and is simply the dual space }* when Z = R, with operator norm |-y, .

o Z%(U;H) is the space of Hilbert-Schmidt operators from U to H, defined as the elements
F € £(U;H) such that for some basis (e;) of U,

[e.e]
Z ||Fel\|§_l < 0.
i=1

This is a Hilbert space with inner product

<F G gQ(uH Z FGZ,GGZ
1=1

which is independent of the choice of basis (see e.g. [6]).
e For any T > 0, %7 is the subspace of C ([0,T7];[0,T]) of strictly increasing functions.

e Forany 7' > 0, D ([0,T];)) is the space of cadlag functions from [0, 7] into ). It is a complete
separable metric space when equipped with the metric

d(¢, ) := inf | sup |n(t) —t|V sup [[¢(t) =¥ (n(t))lly

neLT | ¢el0,T] te[0,T]

which induces the so called Skorohod Topology (see [3] pp124 for details).

1.2 Stochastic Framework

Let (Q, F, (F:),P) be a fixed filtered probability space satisfying the usual conditions of complete-
ness and right continuity. We take W to be a cylindrical Brownian motion over some Hilbert
Space U with orthonormal basis (e;). Recall (e.g. [40], Definition 3.2.36) that W admits the rep-
resentation Wy = > 00, e; W} as a limit in L?(Q;4') whereby the (W) are a collection of i.i.d.
standard real valued Brownian Motions and 4’ is an enlargement of the Hilbert Space il such that
the embedding J : 4 — ' is Hilbert-Schmidt and W is a JJ*—Cylindrical Brownian Motion
over . Given a process F : [0,T] x Q — £%(U; 5#) progressively measurable and such that
F e L*(Qx[0,T);£*;5)), for any 0 < ¢ < T we define the stochastic integral

t 0 t
/ R, =Y / Fy(e;)dW,
0 =170



where the infinite sum is taken in L?(£2;#). We can extend this notion to processes I which are
such that F(w) € L? ([0,T]; £%(&k; #)) for P — a.e. w via the traditional localisation procedure.
In this case the stochastic integral is a local martingale in . ! We shall make frequent use of
the Burkholder-Davis-Gundy Inequality ([12] Theorem 4.36), passage of a bounded linear operator
through the stochastic integral ([51] Lemma 2.4.1) and the It6 Formula (Proposition 6.4).

1.3 Functional Framework

Recall that our object of study is the It6 SPDE (1),

t t
¥, =P, —I—/ A(s, ®)ds +/ G(s, Ws)dW;
0 0

which we pose for a triplet of embedded Hilbert Spaces
Vs H<—=U

whereby the embeddings are continuous linear injections, and H < U is compact. The equation
(1) is posed on a time interval [0, 7] for arbitrary but henceforth fixed T' > 0. The mappings A, G
are such that A : [0,T] xV — U,G : [0,T] x H — £*(4;U) are measurable. Understanding G as a
mapping G : [0,T] x H x 4 — U, we introduce the notation G;(-,-) := G(-,-, e;). We further impose
the existence of a system of elements (ai) of V' which form an orthogonal basis of U and a basis of
H. Let us define the spaces V,, := span{ay,...,a,} and P, as the orthogonal projection to V,, in
U, that is

n
Pn : f = Z <f7ak>Uak-
k=1
It is required that the (P,) are uniformly bounded in H, which is to say that there exists a constant
¢ independent of n such that for all f € H,

|Prfllg < cllfllg- (2)

Moreover, our setup can be expanded by considering the induced Gelfand Triple
H—U<—H"

defined relative to the inclusion mapping i : H — U; indeed, the embedding of U into H* is given
by the composition of the isomorphism mapping U into U* with the adjoint * : U* — H*. In
particular, the duality pairing between H and H*, (-, )y« jy» is compatible with (-, -);; in the sense
that for for any f € U, g € H,
<f7g>H*><H = <f7g>U .

We assume that A : [0, 7] x H — H* is measurable. Specific bounds on the mappings A and G will
be imposed in Assumption Sets 1, 2 and 3. In order to make the assumptions we introduce some
more notation here: we shall let ¢. : [0,7] — R denote any bounded function, and for any constant
p € R we define the functions Ky : U - R, Ky : H - R, Ky : V — R by

Ku(¢) =1+9ll;. Ku(d)=1+¢ly. Kv(e)=1+]ely .
We may also consider these mappings as functions of two variables, e.g. Ky : U x U — R by

Ky(é,¢) =1+l + 1417 -

Our assumptions will be stated for ‘the existence of a K such that...
existence of a p such that, for the corresponding K, ... .

> where we really mean ‘the

LA complete, direct construction of this integral, a treatment of its properties and the fundamentals of stochastic
calculus in infinite dimensions can be found in [20] Section 1.



2 DMartingale Weak Solutions

We first introduce the necessary assumptions for the main result of this section.

2.1 Assumption Set 1

Recall the setup and notation of Subsection 1.3. We assume that there exists a ¢., K and v > 0
such that for all p,¢p € V, f € H and t € [0,T7:

Assumption 2.1.

A Dl + 3190 £ < k() [1+ 1515 )
A0 ZT— A < ey 16— ol W
Z IGt, DI < kv (6,6) 16— vl 6
Assumption 2.2.

2 (A(t,0), 0)y + Z 1.0 I3 < et [L+ 1013] — v 1 (0
i@i(u 0),0)5 < [1+ 16l (7)

Assumption 2.3. 2
(A(0). D < e | Ko0) + [0l | Kuth+ 117 0
f} 2 < Ko (0)Kn(f) 0

We remark that by taking negative f, the above is true for the absolute value of the left hand
side as well. The same holds with 1 below.

Assumption 2.4.

(At ) — Alt, £),0) oy < v () [L+ 1l + I F ] o — Flly (10)
D (Gt 6) = Gilt, 1), )5 < ey (@) |6 — fIIT - (11)
i=1

We briefly comment on the purpose of each assumption:

e Assumption 2.1 ensures that the integrals in the definition of a martingale weak solution
(Definition 2.5) are well-defined. Additionally, it ensures that the Galerkin System is well-
posed (Definition 2.9).

e Assumption 2.2 is used to show uniform estimates for the Galerkin System (Proposition 2.12).

?In fact in (8), the exponent 3/2 could be replaced by any ¢ < 2.



e Assumption 2.3 is employed to demonstrate tightness of the Galerkin System (Propositions
2.13, 2.14).

e Assumption 2.4 facilitates passage to the limit for a martingale weak solution (Proposition
2.18).

2.2 Definitions and Main Result

We now state the definition and main result for martingale weak solutions.

Definition 2.5. Let ¥ : Q — U be Fo—measurable. If there exists a filtered probability space
<Q,]—~", (]:}),113>, a Cylindrical Brownian Motion W over 8l with respect to <Q,]—~", (]:}),INP), an

Fo—measurable \ilo QU with the same law as Wo, and a progressively measurable process U in
H such that for P —a.e. @, W.(w) € L ([0,T);U) N Cy ([0,T};U) N L2 ([0, T]; H) and

t t
B, = 0y + / A(s, B,)ds + / Gls, @)W, (12)
0 0

holds P—a.s. in H* for allt € [0,T], then W is said to be a martingale weak solution of the equation
(1)

Remark 2.6. The progressive measurability condition on W. may look a little suspect as ¥y itself
may only belong to U and not H making it impossible for W. to be even adapted in H. We are
mildly abusing notation here; what we really ask is that there exists a process ® which is progressively
measurable in H and such that ®. = ¥. almost surely over the product space 2 x [0, T] with product
measure P x \. In particular, the processes ® and ¥ may disagree at time zero. Moreover, we note
that whether or not the set of full probability appearing in the IP — a.s. condition depends on t is
not of concern; if it did, we could intersect all such sets at rational times and fill in the irrational
times with the continuity in H*, leading to a set of full probability independent of t.

Theorem 2.7. Let Assumption Set 1 hold. For any given Fo—measurable ¥y € L (Q;U), there
exists a martingale weak solution of the equation (1).

The remainder of this section is dedicated to the proof of Theorem 2.7.

2.3 The Galerkin System

We assume that
Wy e L(Q;U). (13)

as in Theorem 2.7, and consider the Galerkin Equations
¢ t
o — / PoA(s, ¥M)ds + / PuG(s, M)W, (14)
0 0

for the initial condition ¥§ := P, ¥, and P,G(e;, ) := PpGi(-). Note that || ¥(||,, < [[¥o||,; as each
P is an orthogonal projection in U, so in particular

sup H‘IISLH%OO(Q,U) < 0. (15)
neN

A detailed justification that the terms in this definition are well defined is given in [20] Subsections 2.2 and 2.4,
referring to (3).



Remark 2.8. We may consider the finite dimensional V,, as a Hilbert Space equipped with any of
the equivalent V, H, U inner products.

Definition 2.9. A pair (¥", 1) where T is a P — a.s. positive stopping time and ¥" is an adapted
process in Vy, such that for P — a.e. w, ¥"(w) € C([0,T];V,,) for all T > 0, is said to be a local
strong solution of the equation (14) if the identity

tAT tNAT
T =T+ [ PoA(s, TV)ds+ | PaG(s, BTV, (16)
0 0

holds P — a.s. in V,, for all t € [0,T].

We note that composition with P,, does not disturb the measurability or boundedness of the
mappings. As P, is continuous in U then it is measurable, so P,A : [0,T] x V — U is measurable
and similarly for P,G. Moreover P,, is bounded with respect to the H* norm; for ¢ € U,

n
< (ZH%HH HakHH*> 161l 77+ -
k=1

Therefore the terms in Definition 2.9 make sense, where we again refer to [20] Subsections 2.2 and
2.4. In looking to deduce the existence of such a solution, we first consider a truncated version of
the equation. For any fixed R > 0, we introduce the function fg : [0,00) — [0, 1] constructed such
that

n

Z <¢7 ak>U ak

k=1

n

Z (Ds k) pre ey Ak

k=1

[Pndll g+ =

H* H*

fr € C*([0,00);[0,1]), fr(x) =1Vz €0, R, fr(z) =0Vx € 2R, ).

We consider now the equation
t t
Wl gty /0 T ([ @R, ) Pad(s, @2H)ds + /0 I ([ @2E ) PaG(s, wiFyaw,  (17)

for \Ilg’R := W which we use as an intermediary step to deduce the existence of solutions as in
Definition 2.9. Solutions of the truncated equation are defined in the sense of Proposition 6.3, and
due to Assumption 2.1 we can apply this proposition in the case of H :=V,,, & := P, A, 4 .= P,G
to deduce the existence of solutions to (17) for all n € N, R > 0.

The motivation for considering (17) is to prove the existence of local strong solutions to (14) by
considering local intervals of existence on which the truncation threshold isn’t reached. More than
this, for any first hitting time in the fundamental L>([0,7];U) N L?([0,T]; H) norm, we show that
a large enough truncation can be chosen so that solutions to (14) exist up until the first hitting
time.

Lemma 2.10. For anyt >0, M > 1 and fired n € N, there exists an R > 0 such that the following
holds; letting W™ be the solution of (17) and

ng(w) :=t Ainf {s >0: Sl[gp] H‘I’?R(W)H?] + /05 H\p:}ﬂ(w)HZdr > M + ||\Il8(w)||(2]}
re|0,s

then (\IlnAf%;,Tth) is a local strong solution of (14).

Proof. See [24] Lemma 3.18. O
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Of course the application of Proposition 6.3 gave us the uniqueness of such solutions as well,
which does not ezxactly pass over to uniqueness of the local strong solutions of (14) as in Lemma
2.10, however this uniqueness can be proven just as Proposition 6.3 was ([20] Theorem 3.1.2). From
here, one can deduce the existence of a unique mazimal strong solution (¥™,0") of the equation
(14) as in [24] Theorems 3.32 and 3.34 (see Definition 3.12). Introducing the stopping times

Tt (w) =t A inf {s >0: s1[1p] 127 (@)1 +/ 15 ()7 dr > M + H‘I’S(w)ll?f} (18)
rel0,s 0

then we claim that (‘I{"AT Mt 7271) is a local strong solution of (14). By construction of the maximal

solution ([24] Theorem 3.32) then ‘I’n/\rM’t and \I’?RMyt are indistinguishable for R chosen as in
N\Tn : Tn,R

Lemma 2.10, which implies that T,JLV‘[ = TrJLV‘[ ét as well.

Remark 2.11. The stopping time M defined in (18) is the first hitting time with respect to a norm
which is central to the arguments of the paper. As such for a function ® € C([0,t]; U)NL3([0,t]; H)
we define the norm

t
1®I2, = sup [|1®,]3 + /0 1@, 2 dr (19)

re[0,t
making explicit the dependence on the time t.
From [24] Lemma 3.36 we also have the relation
P({weQ: M) < 0"(w)}) =1 (20)

for any M > 1 and t > 0. We wish to remove the need for localisation in the strong solution of
(14), by showing that our maximal time must be greater than 7'. That is, we want to show that

P{weQ:0"w)<T}) =0. (21)

Moreover,

IN
~

PHwe:0"w)<T}) <P ({w €Q: lele%Ty’Tﬂ(w) })

P ( ﬂ {w c0: T,JLW’TH(w) })
MeN

= lim P ({weQ: M w) <T})

M—o0

IN
~

T+1

from (20) and the fact that 2T s increasing in M. From the characterisation of 7" note
that
{w eN: Ti‘/LT—i-l(w) < T} = {w eN: H\I’”(w)H?]H’TATTJLVI,Tﬂ(w) > M+ H‘Ilg(w)H%]}
so a simple application of Chebyshev’s Inequality informs us that
1 2 2
P({weQ: T w) <T}) < 7 [||\I/"||UH7TM¢4,T+1 - ||\116‘||U} . (22)

11



Therefore, to show (21) we want a control on this expectation independent of M. Let us introduce
the notation
oM. — LTEIES U= v (23)

where we note dependence on M is implicit in ¥™, and by construction

H‘I’nHUJLIT/\TMT+1 - H‘I’nHUHT (29)

Proposition 2.12. Let (¥™,0™) be the maximal strong solution of equation (14). There exists a
constant C independent of M, n such that

E (191 a0 ) < C [B(I19517) +1]. (25)

Proof. By equipping V,, with the U inner product we can apply an It6 Formula, Proposition 6.4,
to see that for any 0 < r < T, the identity

M.t
9 9 TATp
e = e+ 2 /0 (P A(s, 7)Y, ds
Mt o T/\Tn

/ ZHP Gi(s, W) ||Uds+2z/ (PaGi(s, B7), BT, AW

holds P — a.s.. Recalling (23) we write this as

9 5 r r 0 5
(R H\I:gHU+2/O (P A(s, ®7), ®7) nsSTnM,MdH/O D PuGi(s, WG 1, aariads
=1

+2Z/ (PuGi(s, W), ®1),, dWL. (26)
i=1"0

Note that we have left the indicator function outside of the time integral terms as we have no
linearity assumption to take it through the ||P,G;(s, \Il?)||2U term: more precisely, it may be the
case that P,G;(s,0) # 0. To do this for the stochastic integral we are just relying on the linearity
of the inner product. As P, is an orthogonal projection, we use the self-adjoint property and that
1PnGi(s, ®)|17 < [|Gi(s, ®™)||?; to reduce this to

H‘I’nMHU < ||\Il HU+2/ <A(S,‘I’?),\I’?>U ]ls<7_7€w,T+1dS—|—/ ZHgZ l:[ln ||U < M,T+1d3

12y | g, vy, aw
=170

We then apply Assumption 2.2, (6), and incorporate the indicator function into the norm to obtain
that

T
o < e [

2 ds-l-ZZ/ (Gi(s, W1), WL, dW!
i=170

still P —a.s.. We now look to take the supremum over all terms, which we can do by controlling the
stochastic integral with the absolute value, and further taking expectation. It should be appreciated
that

18" @)[I 5 < M + 10l 0,01 (27)

12



which ensures the integrability of all terms, and that the stochastic integral is a genuine square
integrable martingale. By taking the supremum in time, expectation, and applying the Burkholder-
Davis-Gundy Inequality all in one step, we arrive at

T
E < sup H\IlfMH(2]> +’YE/ H‘i'?HiIdS <2E (H‘I’SHQU) +c
re[0,T] 0

N

+C/OTE (l1e2]]7,) ds +c® (/OTE@Z' (s, ") ,¢g>;ds> . (28)

Note that we formally have to take the supremum individually for each term on the left hand side
and then sum them, hence the appearance of a 2 in front of the initial condition. We will freely
use Tonelli’s Theorem to interchange between expectation and integration in time. The constant ¢
now depends on 7', which is not meaningful. Turning to the final term, with (7) we see that

B (/jg@ (s, 97) ,@gﬁ]ds) <¢B </0T1 n H\il?Héds)é

ro
§c+cE</ H\I'ZHUds>
0

[NIES

1
2

o2 (2
serem s @75 [ as
§c+1E sup H\ilfsz +CE/TH\112H2 ds (29)
2 \repo,1) v 0 v

having applied Young’s Inequality. Substituting into (28), and scaling with « as needed, then we

have that -
B (|97 0) < [B(12513) +1] +c/0 B (|| er]?) ds

One can control H\il?H?J < ! \il"HQUHS which is integrable due to (27), from which the standard
Gronwall Inequality gives the result, recalling (24).

O

The expectation in (22) is thus finite, so taking the limit M — oo achieves (21). It is further
evident from our calculations that for any 7 such that (¥™,7) is a local strong solution of the
equation (14), the inequality (25) holds (that is, with 7 replacing M ’T+1) where C is independent
of the choice of 7. Therefore we can choose a IP — a.s. increasing sequence of stopping times which
approach O™ by definition of the maximal time, and apply the Monotone Convergence Theorem

through the expectation to yield that
E(I19"}nr) < C [B(I19517) +1] (30)

where to be precise, we obtain [& <|| v ||2UH,TA®") on the left hand side, which is simply E <|| v ||%]HT>

due to (21). Moreover for P — a.e. w € Q, we can choose a 7(w) > T such that (¥",7) is a local
strong solution of the equation (14), hence W satisfies the identity (14) P — a.s. for all ¢ € [0, T.
Furthermore, ¥ € C ([0, T]; V,,); we thus call ™ the unique strong solution of the equation (14).

13



Of course we can bound H‘I’{)‘H(zj < ||\Il0||(2] < ||l]:l(]||%oo(Q;U) which is finite independent of n and can
be substituted in to (25), (30). Combining this with (22) achieves that

lim supP ({we Q: 7T (w) <T}) =0. (31)
M—o00 peN

2.4 Tightness

We now look to deduce the existence of a process taken as the limit of ¥™ in some sense, which
is done through a tightness argument. We pursue this with Lemma 6.6 in the Appendix, with the
spaces H1 := H, Ho := U. Having already demonstrated (97) we now justify (98), so for any ¢ > 0

define the set s
AP = {/ Hq:g+5_q:g|ygds>g}
0

where we remove the explicit dependence on w for brevity, and the required condition (98) is that

li P (A%") = 0. 32
Jim, sup P (4°") (32)

We look to show this condition by taking advantage of the control granted to us with the stopping
M’T+1, and the property (31). For any M > 1,

times 7,
A5 — A% A [{TTZL\/[,T—I—I > T} U {T%,Tﬂ < TH _ |:A5,n n {T%,Tﬂ > T}} U [A5,n A {T%,Tﬂ < T}]
C [abm {rd T > T U (R < T

In particular,

P <A‘5’") <P (A‘Sv" Nt > T}> +P ({1 < T}) (33)
where
T-5 2
ASmM — ghn o L MTH S 7Y {/ H‘I’ZJ% - \I'Q’MHUds > E} (34)
0

continuing to use the notation (23). From (33),

lim sup P (A‘S’") < lim supP (A‘S’"’M> + lim supP ({7',]L‘J’TJrl < T})
0—=0t neN 0—=0% peN =01 neN

holds for any M > 1, so it must also hold in the limit as M — oo. As there is no dependency on §
in the final probability, we obtain

lim supP (A‘S’"> < lim lim supP (A‘S’"’M) + lim supP ({T%’TH < T})
6—=0t neN M—00 -0t peN M—00 peN

= lim lim supP <A5’"’M). (35)

M—006—07F peN

Recalling the definition (34), we can apply Chebyshev’s Inequality to see that

T—-6 2
P (A% < g / |ty e ds.
€ 0 U

Therefore using (35), to justify (32) one may simply prove that

T—6 9
lim sup E H\I'"M — \II"MH ds =0
50+ nEIN) /0 s+6 sy

for any fixed M > 1. This prompts the following result, which follows a similar method to [53]
Lemma 2.12.
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Proposition 2.13. For any M > 1,

2
n,M _
ahr(r)lJrilelgE/ Hl:[ls-l-é — g H ds = 0. (36)

Therefore the sequence of the laws of (¥™) is tight in the space of probability measures over
L*([0,T}; ).

Just ahead of proving the result, we note that from the definition of K in Subsection 2.1 and
the property (27), that

sup Ky (¥7(w)) < ¢, (37)
rel0,t]

for a constant ¢ dependent on M and W, a dependence which is not meaningful in the following
arguments as these remain fixed.

Proof. Similarly to the proof of Proposition 2.12, observe that for any s € [0, 77,
Z_ﬁ‘g- 8—!—/ PpA(r, ¥ )1 <MT+1dT—|—/ PnG(r,®)1 <MT+1dW
Therefore
s+4d
‘I’s—i—& o M / PrA(r ) p<pMTH dr + / PnG(r, \I’?)]lr<7_7]l\{,T+1 AW, (38)

which for any fixed s is just an evolution equation in parameter J, so we can apply the It6 Formula
(e.g. Proposition 6.4) to deduce that

M, T+1 dT‘

2 s+6 . 5 5
ot —wr| = 2/ (PuA(r, ), 07 — B2, 1 _
S

518 00 s5+9
+/ Z H’P Gi(r, \I’” HU M,T+1d7‘ + 2/ <Png(T7 ‘i’?)v ‘i’:} - ‘il?>UdWT

where we have incorporated the indicator function into the ¥" and ¥ Just as we proceeded
from (26) in Proposition 25, we can use properties of the projection P,, and apply the assumption
(6), to obtain the inequality

n,M n,M 2 st xn||2 st 5,17\ dyn
[ HUSC/S 1+H\IITHUdr—2/S (A(r, &), 97 dr
s+4 . . .

42 / (G(r, &™), BT — F7), AW,

where we have simply dropped the helpful —y H\P?Hil contribution from consideration. Using (37)

in the first integral, c.f. (27), we can actually pass to the bound
2 s+4 . . s+6 . . .
H‘I’s+5 _ @Q,MHU <6 — 2/ (A(r,¥m), ¥ dr + 2/ (Gr, W), &7 — BTy, AW,
S S

integrating the constant over the time interval of size §. To this we can invoke Assumption 2.3,
(8), and then take expectation to reach

i (gt ) oo [ (1 )

15
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where the stochastic integral of null expectation drops out. Of course, in aiming to show (36), we
are actually interested in

2
I E H\p — | ds.
N A i

With (39), use of the Fubini-Tonelli Theorem and considering the iterated integral as an integral
over the product space, we obtain

2
lim supE/ H\I’s+5 \P?MH ds

d—0% neN
=0 M M2
= g g [ B o -
T-6 s+0 . 3 . 3
< 51_1)1%1+ ilelIN)/O [05 + CIE)/S <1 + H‘I’?Hé) (1 + H\IIQHIQ{) dr} ds
T—6 ps+0 5 3 . 3
:Cél_l)%l+ilel§E/ / 1+H‘IIQH;I) <1+H‘I’?H12{) drds
rAT—6 . 3 . 3
= (361_1)1%1+ ilelgE/ /0 1 + H‘I’,’?Hé) (1 + H‘I’?H;{) dsdr. (40)

Note that for each fixed r,

/<> (@) (e i) as

) [ (e E) a (41)
T 0V (r—a) sl ) &
1 3
- rAT—§8 4 rAT—68 . % 4
(o) | ([0 ) ([0 o) )
3
i _ o rAT—§8 o 4
<ot (i) ([ 19t
< % (1+ || @717 (42)

having used (27) in the final line, and Holder’s Inequality beforehand. Substituting this back into
(40),

2 T S 1
n,M B n . L
L A L R O A G L LR

which concludes the proof.
O

To achieve a characterisation of the limit process at each time, we will need to show tightness
in D([0,T]; H*). The idea is to apply Lemma 6.7, for Y = H and ‘H = U. The condition (99) has
already been shown from the stronger (30) so to apply the Lemma we only need to verify (100).
This is reminiscent of the condition (98) just verified, so just as we saw for Proposition 2.13 it is
sufficient to verify the following.
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Proposition 2.14. For any sequence of stopping times (v,) with v, : @ — [0,T], and any M > 1,
feH,

. n, M M o
s s (121, ) -0 =

Therefore the sequence of the laws of (¥™) is tight in the space of probability measures over
D([0,T]; H).
Proof. Recalling (38), substituting in =, for s and stopping the process at T', we see that

(Yn+O)AT

M v . (W +OAT 5
‘Il(’;n+5)/\T — ‘I’,TYL;I = ’Pn.A(T, ‘I’?)]].T<T£/I,T+1 dr + / Png(T, ‘I’?)]IT<TM,T+1 dW,
Yn B n ="

holds P — a.s., to which we take the inner product with arbitrary f € H and absolute value to see
that

M M (Wm+HAT 3
‘<‘I’(';n+6)/\T o lIIi/L”’L 7f>U‘ S /Y <"4(T7 ‘I’:‘L% PTLf>U ]lT’ST,,]lW’T+1dT

n

(Yn+0)AT 5
[ G0, P 1,

having also carried over the projection P,. Similarly to Proposition 2.13, we invoke the assumption
(8) to achieve the inequality

M M
‘<l]:l?7n+6)/\T - ‘I’Z/YLn ’f>U‘ é C/{

(Yn+)AT 3
/ <g(7‘, ‘I’f), Pnf>U ]lT<T71Lv1,T+1dWT

(Yn+O)AT 5 o ,
Ko () + |73 [Km +1I71 H} dr

n

+

where (2) has also been employed. We again use (37), and also allowing our constant ¢ to depend
on f, we have that

M .y (Y +O)AT o8
‘<‘I’(“7/n+5)/\T_‘II“/;1 ’ >U‘ Sc/ Lt [l dr

(Yn+O)AT .
+ / <g(r7 T?)? ,Pnf>U ]]-7.<T£/I’T+1dW7" (44)

still IP — a.s.. Now taking expectation and applying the Burkholder-Davis-Gundy Inequality to the
stochastic integral, and then using the assumption (9),

“

(Yn+8)AT 5
/ <g(ra ), Pnf>U ]]-T<T£/I,T+1dwr

[NIE

IN

(m+O)AT .
B ( / KU@?)KH(f)dr)

(Yn+6AT 3
cE / 1dr

coz.

IN

=

IN

17

(W +OAT - 2
< cE / <g,~(r, ‘I’?), P"f>U ]lT<TJL\/1,T+1d7’

1
2



Putting all of this back into (44), and reducing the constant integral to a J as just seen,

B (|(wttr— e < e [ ot

The remaining integral is treated exactly as was seen in (42), from which taking the supremum
over n and limit as § — 07 gives the result.

O
2.5 Existence of Martingale Weak Solutions

With tightness achieved, it is now a standard procedure to apply the Prohorov and Skorohod
Representation Theorems to deduce the existence of a new probability space on which a sequence
of processes with the same distribution as a subsequence of (¥") have some almost sure convergence
to a limiting process. For notational simplicity we take this subsequence and keep it simply indexed
by n. We state the precise result in the below theorem, following e.g. [47] Proposition 4.9 and
Theorem 4.10.

Theorem 2.15. There exists a filtered probability space <§~2,]-', (]}t),]ls>, a cylindrical Brownian
Motion W over 8\ with respect to <Q F.(F), ~) a sequence of random variables (\ilg‘), \116‘ QU

and a Wy : Q — U, a sequence of processes (B™), " : Q x [0,T] — H is progressively measurable
and a process W : Q) x [0,T] — U such that:

1. For each n € N, W2 has the same law as ¥} ;
2. For P —a.e. w, ¥ (w) — Wo(w) in U, and thus ®q has the same law as W;

3. For eachn € N and t € [0,T], ®™ satisfies the identity
vy = vy —I—/ P A(s, ¥ )ds + [ PoG(s, ¥ )dW,
0 0

P —a.s. in V;
4. For P —a.e w, ¥"(w) — ¥(w) in L?([0,T);U) and D ([0,T); H*).

We now have our candidate martingale weak solution, and to prove that this is such a solution we
need only to verify that W is progressively measurable in H, for P —a.e. w W.(w) € L* ([0, T};U)N
Cyw ([0,T);U) N L2 (]0,T]; H) and the identity (12). In fact from item 3, we can deduce that

B (|#[;,,.) < [= ([,

U) +1} <cC [H%HL o) +1} < o (45)

in the same manner as we showed (30), without any need for localisation. The fact that H‘i’()‘

H\IIOH P —a.s. and H\I'OHL @0 < oo is inherited from ¥g, ¥ of the same law in U. This prompts

the following results.
Lemma 2.16. ¥" — ¥ in L2 (Q;L2 ([0,T]; U)).

Proof. This is immediate from an application of the Dominated Convergence Theorem, using the
convergence in item 4 and the uniform boundedness (45). O
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Proposition 2.17. W is progressively measurable in H and for P—a.e. w, ®.(w) € L® ([0,T];U)N
L*([0,T); H).

Proof. From (45) we have that the sequence (¥™) is uniformly bounded in

L? <Q;L2 ([O,T];H)) and L2 (Q; L= ([0, T7; U)) Firstly then we can deduce the existence of a
subsequence (¥™) which is weakly convergent in the Hilbert Space L2 (Q; L?([0,T); H )) to some
®!, but we may also identify L? <Q;L°° ([0, T7; U)) with the dual space of L? <Q;L1 ([0, T7; U))

and as such from the Banach-Alaoglu Theorem we can extract a further subsequence (¥™) which
is convergent to some ®? in the weak* topology. These limits imply that (¥™) is convergent to

both ®! and ®? in the weak topology of L? <Q; L? ([0, T7; U)), but from Lemma 2.16 then (¥™)

converges to W strongly (hence weakly) in this space as well. By uniqueness of limits in the weak
topology then ¥ = ! = $2 as elements of L2 (Q; L? ([0, T; U)), so they agree P x A —a.s.. Thus
for P — a.e. w, W.(w) € L™ ([0,T];U) N L? ([0, T]; H).

The progressive measurability is justified similarly; for any ¢ € [0, 7], we can use the progressive
measurability of (") to instead deduce ¥ as the weak limit in L2 (Q x [0,t]; H ) where Q x [0, ]
is equipped with the F; x B ([0,1]) sigma-algebra. Therefore W : 2 x [0,#] — H is measurable with
respect to this product sigma-algebra which justifies the progressive measurability. O

Proposition 2.18. U satisfies the identity (12). Moreover for P — a.e. w, ®.(w) € Cy, ([0,T];U).

Proof. As a consequence of the Hahn-Banach Theorem we know that the dual space separates
points, from which it is immediate that ¥ satisfies the identity (12) if and only if for every f € H,
W satisfies

(¥, f>H*XH — (W0, f>H*XH + </OtA(s, @,)ds, f>H*XH + </Ot G(s, ¥,)dWV,, f>H*XH

P —a.s. in R for all ¢ € [0, T]*. In fact, as the system (ay,) forms a basis of H, then it is sufficient to
show the identity for any ¢ € |J,, V,, replacing f. Using the continuity and linearity of the duality
pairing, it is thus sufficient to show the new identity

t

<‘i’t’w>H*><H - <¢’07¢>H*><H * /Ot <A(3"ils)’w>H*des +/0 <g(s"ils)’w>H*deWS (46)

for any ¢ € |J,, Vo, P — a.s. for all t € [0,T]. Of course W satisfies a corresponding identity

(#p0) = <~g,¢>H*XH+/Ot <pnA(S,\ilg),¢>H*XHds+/0t (PuG(s, W), 0) W,

so we look to show convergence in each of the corresponding terms. Fixing any such ¢ and ¢,
we appreciate that the required identity (46) would follow from only showing either P — a.s. or

LP (Q;R) convergence of a subsequence for the corresponding terms, as a P — a.s. convergent

“We need not concern ourselves with whether the set of full probability depends on f, just as was true for the
dependence on t, by separability of H: see Remark 2.6.
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subsequence can be extracted from the LP (Q;R) limit. Henceforth, we are concerned with the

limits

<‘i’?7w>H*><H - <‘i’t’w>H*><H (47)

< . 87w>H*><H - <¢’0’¢>H*><H (48)

/ot <P"A(S’ ‘il?)’w>H*><H ds — /Ot <A(S’ ‘ils)’w>H*XHdS (49)
/Ot (Pug(s W))WV, — /Ot (G0 ) 5

of a subsequence, P —a.s. or in L? <Q; R). The first convergence, (47), holds P —a.s. as convergence

in the Skorohod Topology implies convergence at each t (see e.g. [3] pp.124), whilst the same
convergence is true of (48) as ¥y — Wy in U, from the fact that the system (aj) forms an

orthogonal basis of U. We look to show (49) in L! <Q;R>, and do so by first observing that as

¢ € J,, Vi then it is certainly in Vj, for some k, so without loss of generality in the limit as n — oo
we can assume that n > k. Moreover,

(Pod(s, B2),0) = (Pad(s, B0),0) = (As, ¥2),0) = (A(s,¥2).0)

by construction of the Gelfand Triple and that P, is self-adjoint in U and is the identity on V; C V,,.
Revisiting (49),

H*xH H*xH

A )0, = (Al - A ).0)

< akKy(v) [1+ ||

(Als, 1), 0)

H*><H_< H*XH‘
u ] 1 =],

where we have invoked Assumption 2.4, (10). Therefore, incorporating the Ky (1) into the constant,

/Ot <_,4(87 lil?)”l)[)>H*><H - <A(87 ‘I’S)”IIZ)>H*XH ds
t
< oo U

. [t - 2 3 AT T 3
§C<E/ 1+H\I:g ds) <IE/ H\pg—\lzs ds)
0 H 0 U

where we have used Holder’s Inequality over the product integral, recalling that the progressive
measurability ensures no issues in applying Fubinelli-Tonelli for the order of integration. This
approaches zero, owing to both the uniform boundedness of the first expectation due to (45) and
Proposition 2.17, as well as the convergence in Lemma 2.16 for the second expectation. The
convergence (49) is justified, to which we move on to (50), to be shown in L? (Q; R). The duality

pairing is simply the U inner product in this case, and by again passing over the P,,, we can apply
the Burkholder-Davis-Gundy Inequality to obtain

E

ds

+ H\i's
H

| - .
H

2 -
n H‘I'S
H

E /Ot (905, 1),0) = (Gils 0o). ) W, o E/Otf: (Gils, 1) - G(s, \i's),wﬁds
tZ:1 2
gcfa/o |@r - o as
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having applied the assumed (11) and contained the Ky (¢) in our constant. This again approaches
zero due to Lemma 2.16, concluding the justification that ¥ satisfies (12). It now only remains to
determine that for P — a.e. w, ¥.(w) € Cy ([0,T];U) . By the identity just shown it is clear that

U (w), f > € C ([0, T];R) where f € H was arbitrary, but to conclude the weak continuity we must

instead show this for any n € U. Furthermore we fix such an w and n € U, any ¢ € [0,7] and
sequence of times (tx) in [0, 7] such that t; — t. To demonstrate the continuity let’s fix € > 0, and
choose an f € H such that

In—flly <5 sup || @),

sE[O T)

where the right hand side is of course finite from Proposition 2.17. Note that there exists a K € N
such that for all k£ > K|

(@) — Bulw). /)

<3
U 2

Then for all £ > K we have that

(20, ) = Bew),m) | < (@) = Eilwhn—f) |+ (T, 0) = Tew). f) |
<2 sup [[#@)| I flly+ 5
<e€

demonstrating the weak continuity and finishing the proof. O

3 Weak Solutions

We first introduce the necessary extension of Assumption Set 1 for the main result of this section.

3.1 Assumption Set 2

Recall the setup and notation of Subsection 1.3. We assume that there exists a ¢., K and v > 0
such that for all f,g € H and t € [0,T7:

Assumption 3.1.
A ) < eeku(F) [14+ 1711 - (51)

Assumption 3.2.

2 <“4(t7 f) - A(tvg)7f - g>H*><H + i Hgl(t’ f) - gl(tvg)H?]

1=1
< cuku(f.9) [L+ 115 + lgl] 1 = gllt = 1F = gllFr. (52)

> (Gt 1) = Giltsg), | = 9) < ko (f,0) [1+ 115 + gl 15 =l (53)
1=1

We briefly comment on the purpose of each assumption:

e Assumption 3.1 ensures sufficient regularity in the drift to apply Proposition 6.4 (Lemma
3.6).

e Assumption 3.2 is used to show uniqueness of weak solutions (Proposition 3.7).
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3.2 Definitions and Results
We now state the definitions and main result for weak solutions.

Definition 3.3. Let Wy : Q — U be Fg—measurable. A process W which is progressively measurable
in H and such that for P—a.e. w, ¥.(w) € C ([0, T);U)NL%([0,T); H), is said to be a weak solution
of the equation (1) if the identity (1) holds P — a.s. in H* for all t € [0,T].

Definition 3.4. A weak solution ¥ of the equation (1) is said to be the unique solution if for any
other such solution ®,
P{weQ: ¥ (w) =P (w) Vt>0})=1.

Theorem 3.5. Let Assumption Sets 1 and 2 hold. For any given Fo—measurable ¥y : Q — U,
there exists a unique weak solution of the equation (1).

The rest of this section is devoted to the proof of Theorem 3.5.

3.3 Existence and Uniqueness of Weak Solutions

We continue to work with ¥y € L™ (Q;U), and take ¥ to be a martingale weak solution of the
equation (1) as given in Theorem 2.7. Our approach to uniqueness is to consider the energy of the
difference of two solutions, by applying Proposition 6.4. For this, improved regularity is needed.

Lemma 3.6. For P —a.e. w, A (-, \il(w)) e L?([0,T]; H*). Moreover, ¥.(w) € C ([0,T];U).

Proof. This additional regularity comes from Assumption 3.1, (51), as

T ) T )
/0 HA(S,\IIS(w))H; ds gc/o K () [1+ H‘I’(“)Hif] ds

< s 1 (8) [ 1+ |e)]] o

re[0,T]

< 00

using that ¥.(w) € L ([0,T);U) N L% ([0,T]; H) as a martingale weak solution. The continuity
now follows as an application of Proposition 6.4. O

Proposition 3.7. Suppose that & is another martingale weak solution of (1) with respect to the
same filtered probability space <Q, F, (]:}), IF’) . cylindrical Brownian Motion W and initial condition
&)= Wy P — a.s.. In addition assume that for P — a.e. w, ® (w) € C ([0,T);U). Then

P ({w e QB (w) = By(w) Ve [0,T]}> =1

Proof. We make our argument by considering the expectation of the difference of the solutions
¥ &, and to do so we need to manufacture an increased regularity through stopping times once
more. To this end let’s define the stopping times (ag) by

ani=Tnint {rz0: @[] > rpant{r=o:]a] >r}

and subsequent processes

-G, =&l II—@F_&"
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Moreover the difference process satisfies

t

B~ B = [ Lo [A (5 85) = A (5,88 s+ [ e [0 (5.85) -6 (. 88) | o,

and we can apply the Energy Equality of Proposition 6.4 to see that

2

R G ORI LI
o X (v 9) 6 (w00

+2/0t (6 (s 8%) g (s.85).11) @i,

Motivated by the use of Lemma 6.5, we consider arbitrary stopping times 0 < 6; < 6, < T and
substitute 6; into the above, then subtract this from the identity for any 6; < r < T, to give that

H ‘i’t/\aR - (it/\aR

2 2 t
T x T, R TR
U = H‘I’Gj/\ocR - (I)tgj/\ozRHU + 2/9j lSSaR <*’4 <87 lI’s > -A <87(I)s > ,HS>H*><HdS

t [oe)
4 / Lcan 3|
0; i=1

i / (9 (s #7) ~ g (s.20).1L) ok,

We now employ Assumption 3.2, (52), and combine a few steps into one. Firstly we use the
boundedness coming from the stopping time apr to control the Ky term in (52), much like we
saw from (37); it should be noted that without the continuity of the processes in U, we could not
guarantee such a control. Secondly, we simply ignore the helpful v term. All of this leads to the
new inequality

H‘i’t/\aR - (i’t/\aR

6. (9) .82

2 -
n H@f
H

~ ~ 2 ~ ~ 2 r ~ R 2 9
H‘Ilr/\aR - q)r/\aRHU < “‘IIGj/\aR - q)Gj/\aRHU + C/ 1+ H‘Ils " HHSHUdS

0]
t
+ 2/ <g (s, \I'R) —g (s, @f) ,HS>U DA,
0;
We now take the absolute value on the right hand side, followed by the supremum over r € [6;, 0],

then the expectation and immediately apply the Burkholder-Davis-Gundy Inequality to achieve
that

IE sup

‘i’T’/\OcR - (i)r/\aRH2U> < E <H‘i19j/\a13 - é@ﬂ\ogg”j])
O
4 o / <1+ |
0;
- O 2 - p - 2 3
+cE </9 Z<gz (37‘Ils>_gi (37¢3)7HS>UdS> .

Joa=1

2 -
n H<I>f
H

2 2
) I as
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We now use the assumption (53) and follow the same process as (29) to obtain that

([ (o (o 9) o (c0) m’ )

J

1
- O 2 - 112 2
< o (/ <1 + H\I:R + H<1>§ > ||HS||4Uds>
0; H H
1. 2 - [ = R||? = R 2
< E( sw |ILJ? +CE/ <1+ et +||@! >||1'Is||Uds.
2 \reo;.00 9 H H

2
and rearrange to give
U

)

2 -
+ H@f
H

2
=0
U

- - . - 2
as of course Wy = ®; P — a.s.. We note that <Supr6[O,T} H‘I’r/\aR - ‘I’r/\aRH is a monotone

We now use that ||Hr\|2U < H‘i’MaR — @00y

E sup
r€[05,0%]

lI’r/\ozR - q’r/\aR

2 ~ ~ ~
U) S 2B (Hq’gj/\aR - @Gj/\aR

R -
+cE/ <1+ H\IIR
0;

We can now apply Lemma 6.5 to deduce that

2

2 ~ ~
H) H‘Ils/\aR - q’s/\aR Uds'

IE < sup H‘i’r/\aR - (I’r/\aR
rel0,T]

increasing sequence in R, hence we take the limit as R — oo and apply the Monotone Convergence
Theorem to obtain
2
> - O
U

which gives the result. O

E| sup H\i:r ~$,
rel0,7]
It is now immediate that Theorem 3.5 holds in this case of the bounded initial condition.

Corollary 3.7.1. There exists a unique weak solution ¥ of the equation (1).

Proof. This follows from a classical Yamada-Watanabe type result, proven rigorously in this setting
in [52]. O

To prove Theorem 3.5 it thus only remains to extend the result to an arbitrary /Fy—measurable
¥, : Q) — U, which we now fix.

Proof of Theorem 3.5: We first show the existence of such a solution. The idea is as in [24] Theorem
3.40 where we use the fact that for each k € NU{0} there exists a weak solution ¥* of the equation
(1) for the bounded initial condition ¥ Ly<||w,||,, <k+1- We argue that the process W defined by

(W) = O (W) Ly wo(w) |, <k+1
k=1
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is a weak solution. Appreciating that the infinite sum is merely formal and that for each w,
¥(w) := WF(w) for some k, then clearly ¥ inherits the pathwise regularity of the weak solutions
(®F). As for the required identity, we introduce the more compact notation

Ay ={weQ: k< |[Po(w)|y < k+1}

and as the (Ay) partition €2, it is sufficient to show that

t t
]lAk‘I’t:]lAk‘I’0+]lAk/ A(S,\I’s)ds—l—]lAk/ g(S,‘I’s)dWs
0 0

P — a.s. for all t € [0,T], or equivalently

t t
]1Ak\1:f=11Ak\If’g+1Ak/ A(s wh) ds—i—]lAk/ G (s, ®,) AW,
0 0

We have to be more precise for the stochastic integral as we cannot simply take any random
function through the integral, however Ay is Fy—measurable so it is justified in this case (see e.g.
[20] Proposition 1.6.14). Hence

t t t t
]1Ak/ g(s,\Ils)dWS:/ ]lAkg(s,\Ils)dWS:/ 14,0 (s\pk> dWS:]lAk/ g(s,\p’;> AW,
0 0 0 0

so the identity that must be shown is
¢ ¢
14, OF = 1,4, 0k + uAk/ A <s\Ilk) ds + ]lAk/ G (s, ®k) aw..
0 0

This is granted from ¥* being a weak solution for the initial condition ¥g1 A,- To conclude the
existence we only need to verify the progressive measurability, for which we understand ¥ as the
pointwise almost everywhere limit of the sequence (ZZ=1 AN k<ol < k+1) over the product space
Q x [0,t] equipped with the product sigma algebra F; x B([0,t]) in H. Each ¥* is progressively
measurable hence so too is ‘I’k]lk§||‘p0“[}<k?+l (as this indicator function is Fyp—measurable), thus
measurable with respect to F; x B([0,t]), and the pointwise almost everywhere limit preserves the

measurability which provides the result. This concludes the proof that ¥ is a weak solution of (1),
and one can show it is the unique such solution identically to Proposition 3.7. O

4 Strong Solutions

We first introduce the necessary extension of Assumption Sets 1 and 2 for the main result of this
section.

4.1 Assumption Set 3

Recall the setup and notation of Subsection 1.3. We now impose the existence of a new Banach
Space H which is an extension of H, or precisely, H C H C U and for every f € H, || fllg = Iy -
In addition, G : [0,T] x V — £? (il; H ) is assumed measurable. We also suppose that there exists
a real valued sequence (p,,) with j,, — oo such that for any f € H,

I =P flly < Mi 1z (54)
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where I represents the identity operator in U. Furthermore we assume that there exists a v > 0
such that for any € > 0, there exists a c¢., K (dependent on ¢) such that for any ¢ € V, ¢" € V,,
and t € [0,7:

Assumption 4.1.

A, ||U+Zugz O3 < ki (6) [1+ o3 + 1ol ] (55)

Assumption 4.2.
2 (PuA(t, 6"), ") i + Z IPaGitt, ") < k(9™ [1+ 1163 ] =2 ll6"1 . (56)
f; (PuGu(t,6"), 6" < k(") [1 + 16715] +<l6"3. 67)

We briefly comment on the purpose of each assumption:
e The property (54) is used to show the Cauchy result (Lemma 4.8).

e Assumption 4.1 ensures that the integrals in the definition of a strong solution (Definition
4.3) are well-defined. It also plays a role in the Cauchy result (Lemma 4.8).

e Assumption 4.2 is employed to demonstrate higher uniform estimates for the Galerkin System
(Proposition 4.7).
4.2 Definitions and Results

We now state the definitions and main result for strong solutions.

Definition 4.3. Let ¥ : Q — H be Fg—measurable. A process ¥ which is progressively measurable
in V and such that for P — a.e. w, W.(w) € L ([0,7]; H) N L?([0,T); V), is said to be a strong
solution of the equation (1) if the identity (1) holds P — a.s. in U for all t € [0,T].

Note that a strong solution necessarily has continuous paths in U, from the evolution equation
satisfied in this space.

Definition 4.4. A strong solution ¥ of the equation (1) is said to be unique if for any other such
solution @,
P{weQ: ¥ (w) =P(w) Vt>0})=1.

Theorem 4.5. Let Assumption Sets 1, 2 and 8 hold. For any given Fy—measurable ¥y : Q — H,
there exists a unique strong solution of the equation (1).

Our approach to proving this comes from the following lemma.

Lemma 4.6. Let ®y : Q — H be Fg—measurable and suppose that ® is a unique weak solution
of the equation (1) such that ® is progressively measurable in V, and for P — a.e. w, ®.(w) €
L>([0,T]; H)N L2 ([0,T]; V). Then ® is a unique strong solution of the equation (1).
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Proof. We first address the existence. It only needs to be justified that ® satisfies the required
identity (1) in U. By definition of the weak solution, this identity is satisfied in H* and in fact the
only term failing to belong to U is fg A(s, ®5)ds, P — a.s.. However, the additional regularity in
® and Assumption 4.1 ensure that A(-, ®.) belongs to L? ([0,T];U) P — a.s.; see, for example, [20]
Subsection 2.2, which justifies that the terms are well defined. This concludes the fact that ® is a
strong solution. For uniqueness, suppose that W is another strong solution. Then in particular ¥
is a weak solution, from which uniqueness of weak solutions gives the result. O

The rest of this section is dedicated to the proof of Theorem 4.5.

4.3 An Improved Uniform Estimate for the Galerkin System

We first assume that
Wy e L™ (O H) (58)

similarly to (13). In order to match the regularity of a strong solution, better estimates are required
for the Galerkin System introduced in Subsection 2.3. We recall the notation (18), (23), for the
unique strong solution ¥" of the equation (14), as well as introducing the corresponding notation
to (19) for the higher norm: for a function ® € C([0,t]; H) N L?([0,t]; V) we define the norm

[@lv= sup I+ / 1%, 2 dr (59)

rel0
making explicit the dependence on the time ¢.

Proposition 4.7. There exists a constant C, dependent on M but independent of n, such that
2 2
B2, wrn < C[B(195)%) +1]. (60)

Proof. By equipping V,, with the H inner product, exactly as we saw for (26), we obtain the identity
9 5 r r 0 5
[ G = 5 +2 | (PuACs, W2, 92 1, pirads + [ 37 [PuGis, W) L, purinds
0 - 0 =1 B
o r
+2 Z/ (PuGi(s, BT, BT AW,
=170

P — a.s. in R for all » € [0,7]. In the direction of Lemma 6.5, similarly to Proposition 3.7, let
0 < 0; <0, <t betwo arbitrary stopping times. By substituting in ¢; to the above, and then
subtracting this from the identity for any 6; < r <t P — a.s., then we also have the equality

i=1

2 u >
w2, = H‘I'ZJMHH +2/ <(PnA(s,\I';‘),\IIZ>H +3 |y7>ng,-(s,xpg)|y§,> L, ariids
Bj ="

o r
42 Z/ (PuGils, T, B1) AW
i=1"0;
P — a.s.. Invoking Assumption 4.2, (56), and immediately applying (37), we deduce the inequality

n,M 2 < n,M 2 " NI . " < (12
o < [ e [ s [ as
J J

223 [ (PG w8 a6
- 0.
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having now assimilated the indicator function through the norms into the ¥”, and noting that ¢
again depends on M (and the initial condition). We now take the absolute value of the stochastic
integral, followed by the supremum over r € [f;, 6], then the expectation and immediately apply
the Burkholder-Davis-Gundy Inequality to see that

2 O o M||? O P
E[ sup H\IJ?MHH —|—7E/ H\Il?HVdS <2E <H\IlgJ HH> —I—dE/ 1+ H\Il?HHds
0; 0;

TE[@j,ek]
b o R
+cE / > (PuGi(s, 1), 1), ds |
05 =1

J

Now is the time to use the assumed (57), which gives us that for any choice of € > 0,

2 O o M||? O S
E[ sup H\IJ?MHH —|—7E/ H\Il?HVdS <2E <H\IIZJ HH> —I—dE/ 1+ H\Il?HHds
0; 0;

r€[0;,0k]
o RN o, \?
+cEE</ 1+H\I‘ZHHds> —l—EE(/ H\Izguvds> (62)
0; 0;

J

having used the simple property that (a + b)l/ 2 < g1/2 4 b1/2. We now apply Young’s Inequality to

see that )
O oo 1 O oo
([Froa) <] [ o o

J

(63)

which can be plugged back into (62) for the choice € := v to see that

O . 2 9 .
E ( sup H‘I'?’M\@) + %E/@k |22 ds < 2B (H\IJQJMHH> +c1E/6_k 1+ |[e2|2, ds
J J

r€[0;,0%]
0
+ cE /
9.

J

SR
[ as

where c is dependent on vy, which is not meaningful. Taking out the constant integrals as a constant
for simplicity, we reach the inequality

O 2 O
E oM |7 +11E/ [ <21E<H\I'"7MH>+ +1E/ ||t g
(Lom s )+ 3 [ et o (o) v [ o
1
O oy 2
t R </€ |2, \IISHHds> .

J
y 2
We handle the last term just as we did in (29), also using that H\I’?Hil < H\I’?’MHH, to obtain

M2 O . o nM |2 O o 4

B( o ) e [ ds < o <H\Ilef H > vetem [ e ds 6
rel6;.01] 0; b 0;

where we have also scaled v out of the inequality, through a depedence in ¢. Now we may apply

the Stochastic Gronwall lemma, Lemma 6.5, for the processes

o=,  w=|EL,  m=|E
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M, T+1 (

noting that the bound (96) owes to 7, 18). The application of this result conclude the proof.

O

4.4 The Cauchy Property

Towards an application of Proposition 6.1 for the Galerkin System and M7 as in (18) and used
throughout the paper, we verify (78) in this subsection.

Lemma 4.8. For arbitrary m <n, ¢" € V,, "™ € V,,,, define

A= 2(PrA(s,6") — PrA(s, ™), 6" — ™) + Y [|PaGi(s, ™) — PmGi(s, ™)l

i=1

B =" (PuGi(s,6") — PmGi(s. ™), ¢" — ™)},
i=1
Then there exists a sequence (A\y,) with Ay, — 00 such that

A< e [Ku("0m™) + 16" + 1™ 15] e = w3 - 3 lle = w1,

1Ko (@ 9™ [L+ 16"+ 1™+ eI+ ] (65)

Am
B < e, [Ku(@"0™) + 6" [ + [0 5] 6" = vl
Ky (0" ™) (L 16"+ 197 (66)

Proof. We show the inequalities independently, starting with A through

A =2(Py [A(s,¢") — A(s,0™)] + [Pr — Pr] A5, ™), 0" — ™)y,
+ZH7> [Gi(s5,6™) — Gi(s,9™)] + [Pr — Pra] Gi(s,0™)|I7;
< 2(P, [Als, ") — A(s, ™)) , 6 +Z||7> (Gi(s,6™) — Gils, ™) |3

2([Pn — Pl Als, ™), 0" — ™)y, +Z 1[Pn = Pun] Gi(s, ™)
i=1

+ 22 1P [Gi(s,0™) = Gi(s, 0™ Ny 1P = Prm) Gis, ™)l

< 2(A(s, ¢") — A(s, ™), ¢" — ™) +Z\|gz — Gi(s, vl
=1
2 (A(s,9™),[I = Prld™ — ™)y + > _ 1P [T = P Gil(s, ™)
=1
""22”% = Gi(s, ")y 1P [I = Pr] Gils, ")l s
=a+pB+k

29



having used that P, is an orthogonal projection on U and P,P,, = P,,. We look to show the
appropriate bounds on «, 8 and k. For a we simply apply Assumption 3.2, (52). Moving on to 3,
we use again that P, is an orthogonal projection and the property (54) to see that

bs - HA(S D)y o™ = meHJrZ ng 5™ -

= 1

Through Young’s Inequality with a constant ¢ dependent on ~y, we can bound this further by
[ee]
c 2 2 g 2
— (IIA(s,wm)HU +> ng(s,wm)HH> + o lle" =™y
m i=1
to which we apply Assumption 4.1, (55), to the bracketed term. As for k, we have that

H<Z 1Gi(s: 0"y + 11Gi (s, ") [T = Pl Gi(55 ™)l

<c Z 1Gi(s, ") & + 19: (s, ™) ) 1T = Prm] Gils, ™)1z

oo

IN

(IGi(s, 0" g + 1Gi(s, ¥ ) g) 1Gi (s, ™) g
moi—1

Cs

| /\

> (19 671 + 1. 5™ 1)

moi=1

1=
which we handle through (55) once more. Altogether then, with notation X, := min{pm,, u2,}, we
have that

A< eoKu(@"9™) [L+ 1671 + 1™ ] 6™ = w1 = 7 6" = v™ I,

Ko@) [L 0+ ] 5 e =

4 (Koo [L4 105 + 1917 ] + eoku ™) [14+ 10715 + 1717 )

which compresses into (65). It remains to show the bound on B, which we approach in a similar
manner:

B=Y (PulGi(s,¢") = Gi(s,0"™)] + [Pn — Pu] Gi(s, ™), " — ™),
i=1
< 22 (1G:(5.6") = Gals, ™), 6" = 0™y + (I = Pl Gils, ™). 6" = 0™ ).

The first term here is precisely what we have in (53). For the second we use that I — Py, is itself
an orthogonal projection in U, as well as the assumed (3) and (54):

([T = P Gals, ™), 6" = ™), = (Gils.¥™), [[ = Pur] (" = ™))}y
< Ko@) [ 0 ] 9" — vl
< Ko@) {1167 + ]

which in total provides (66). We note that this is a coarse bound, though sufficient for our purposes.
O
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Proposition 4.9. For any m,n € N with m < n, define the process ™" by
v w) =T (w) — T (w).

Then for the sequence (\;) proposed in Lemma 4.8 and m sufficiently large such that Ay, > 1, there
exists a constant C dependent on M but independent of m,n such that

1
E H‘I’m’n”2 Mo, o1 < C |:E H‘I’m7nH2 + —] (67)
UH,mp, NATn 0 U A /)\m
and in particular,
. 2
nﬁp_n)})o :gg [E H\I’m7nHUH’TnIYLI,TJrl/\T’{LVI,TJrl] =0. (68)

Proof. The proof uses very similar methods to those used in Proposition 4.7, this time relying on
Lemma 4.8 instead of Assumption 4.2. For any 0 < r < t, ¥"™" gatisfies the identity

M,T+1, M,T+1

TATm NTn
O e = B0+ / PpA(s, O — P A(s, T)ds
Tn 0

TNATm N
o T/\Tyl\,iI’T+1/\T’,]LVI’T+1 '
+> / PuGi(s, B") — PrGi(s, ™AW
i=1 70

P — a.s. in V,,. We thus apply Proposition 6.4 to this difference process, reaching the equality

M, T+1 M, T+1
Tm’+ Tn’+

/AN

2 A
L= -2 (PuA(s, W) — Py Als, W), W1 s ds

PATATHL M T

pATMTH A MTHL oo
T / SO 1PaGi(s, ) — PruGils, )2 ds
0 i=1

M, T+1
m NTp,

0 rAT, '
+2) / (PaGi(s, W) — Py Gi(s, B, B0 AWV,
i=1 70

T]\I,T+1

We introduce notation similar to (23), that is

rm . m n.__ n

o=’ ]]..ST%I,T+1/\T£/I,T+1 P .= v’ ]l.STfr\;I,TJfl/\ﬂ]L\/I,TJfl

MmN . N rm mn,M __ m,n

) L W =W p M
NTm, NTn

and thus rewrite our equality as

2 s
H‘I’;’%mMHU = ||l116n7n||?] + 2/0 (PnA(s, ®7) — P A(s, ¥7), lIlg”v">U lsg'r%’T“/\'r%’T“ ds

r 00
+ /0 Z ”Pngi(sa ‘I’?) - ngi(37 ‘I’;n)”2U ]ISST%,THAT;LVI,THCZS
=1
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Identically to Proposition 4.7, we fix arbitrary stopping times 0 < 6; < 6), <t and have that for
any 0; <r <t P —a.s.,

m,n,M||2 m,n,M 2 " n m m,n

H‘I’T, HU = ‘I’ej U +2 N <’Pn.z4(8, ‘I’S) - PmA(S, ‘I’S ), ‘I’s >U ]ISST%,THAT;LM,TﬂdS
J

r OO
+ / D PuGi(s, ®Y) = PuGils, OLIG 1, o arrer, arrads
0, =

J i=1

i= J

holds P—a.s.. Combining the time integrals and applying Lemma 4.8, (65), we deduce the inequality

2 M2 ' i |2 Ll | [gmnll? _ 2| gmn|?
R ey Y P T [ e e
J
r ~ 4 o 4 o 2 ~ 2
+i/ [HH‘P? S R 25 1 % }ds
)‘m 0; H H % v

again applying (37). All in one step we take the expectation, supremum over r € [#;, 6], apply the
Burkholder-Davis-Gundy Inequality and employ Lemma 4.8, (66), to deduce that

0 2
E  JEE [ RS > / g
<T€S[;§I?9k] H ' HU) 2 Jo, vl

M2 Ok .
<2E ( |[®,""™ +cE 1+ || e™
0; U 0, s

c O . 2
+ —E/ 1+ e
/\m 0; 14

O ~ 4 % 1 O ~ 4 %
+ cE / [1+H\Ifsm ds| +-——E / 1+H\1fsm ds
0; U VaAm 0; H

where we have used that (a + b)% < a2 + b2 in the last term. Applying Young’s Inequality as we
did for (63), and using that m is large enough so that A\, > 1 hence ﬁ < \/%, we have that

05 2
E \Ilmv"vM 2 —I—ZE/ H\i,m,n
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The property that
L2
ds <
sl @S (70)

T A
0

owing to the first hitting times and as used in Proposition 4.7, is of vital importance here. We

firstly control
c Ok
7,
>\m 0;

A~

Tm

s

4 R 2 R 2
+ H\p" + pr"
H 1% 1%

A

lI,m

S

‘I,m

s

4 R
. + ‘ s ds (71)
where we note that
4
ds < ¢ E (
H

c O Or 2 d c
E / / s| < E| sup H\Il
V >\m 0; V /\m 0; H \% /\m re[0,T]
where this expectation is bounded courtesy of Proposition 4.7. Using the same proposition for the

12 terms, we ultimately bound (71 €. We estimate the final term in (69) as we did in
\%4 A
(29), which combined with the control on (71), reduces (69) to

2 O 1 . 2
E| sup H\I’:,”"MHU + IE/ H\I’;”"
r€[0;,0k] 0

H
2 O,
<cE <H\I’Zj"MHU> —|—cIE/0 [
J

with similar seen in Proposition 4.7. An application of Lemma 6.5 then provides that

E sup H‘I,mnMH _’_]E/TH‘ilm,n 2 <C|:H‘Ilm,nH2 + 1 :|
rel0,7) v * o llm T 0 Vam

which gives (67). The next result, (68), follows from this as

re[0,T]

2
ds +
U

L H\IJ"

1o

[T |2 = |[(Pn = Prn) Coll = [|Pu [ = Pun) ®ol||7 < (I = Pr) Tol?

and the fact that the system (ay) forms an orthogonal basis of U.

4.5 Weak Equicontinuity
In this subsection, the remaining condition of Proposition 6.1, (79), is verified.
Lemma 4.10. Let 6 be a stopping time and (0;) a sequence of stopping times which converge to 0

P —a.s.. Then
lim sup E <||‘I’n||UH,(6+6j) H‘I’NHUHO/\ MT> =0.

J= neN

Proof. We look at the energy identity satisfied by ¥™ up until the stopping time 6 AT and then
@+7r)A TTZLV[’T for some r > 0. We have that

M,T OATIET o0

ONTR
gl = w2 [ A s [T S P (s W) s

i=1

ONTy,
1 / (PaG (5, T7) T, AWV,
0
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and similarly for (8 +7) A 747", from which the difference of the equalities gives

2 (€+T)/\Tn
H‘II(G-H’)/\T;LVIT H‘I"g/\ £/IT U+2/9/\TM,T <7DnA(S,‘I’8),‘I’S>UdS
(O+r)ATAET o0 (O+r)ATAT
/9A " > 1PaGi (s \Il")HUd3+2/€A wr (PaG (s,00) W)y AW
=1 Tn

Handling the projections as we did in (26), and invoking (6), we reduce to

2 (0+T)AT7]L\/I’T )
ey w2 ds

_ n
H\II(G-H« AT H‘I’GAT%'T onrat T
(9—1—7“)/\77]1w T (0-1—7“)/\77]:{1
§c/0 i 1ds+/€ o (G (s,97), WY dWVs.
NTp A

where the constant ¢ again depends on M, through (37). Taking expectation, the supremum over
r € [0, ;] and then using the Burkholder-Davis-Gundy Inequality,

2 (O+8;) AT o
s I H‘I'eA S”HU * 'Y/G,AT%T I3l ds
(046, )ATiT (046, AT T o0 2
ch/eA o lds + cE /GA o D (Gi(s,¥7), ¥ ds | .
Tn Tn i=1
We then use (7) and again control the U norm by a constant, achieving that
2 (O+,)Am " ) 1
= S[lolr(); ] H‘I’(9+T)A T H‘I’GA T U +/6 M,T H‘I’?HHdS < cli <5j T 5]'2> (72)
r€0,0; n n AR

having also scaled out the v. We now need to relate the expression on the left hand side with what
we are interested in, which is || " |? — o m,r. We have that

UH,(0+6;)A, UH,OAT
n n
912 gt~ 112 0
) ) (O+8;) AT )
= s - s JeiEs [T e
s€[0,(0+8;) A7) se[0,0nma"T] ATn?
and claim
2
s e s < s e ] e (73)
s€[0,(646;,)ATA"T) s€[0,0AT20T) r€[0,65] ™ ™o WU
Indeed, we have that
n|2 n2 n|2 n 2
S 1 S N sup AR LA
S€[0,(0+8;)Am "] s€[0,0nm "] selormat T (0+8;) AT "
as the left hand side must equal either sup S€[0.0ATMT] | ®7 |7 or sup S€loATMT (06, AT ] en|2,

both of which are greater than the subtracted term H‘I’G/\TNI’T

. Appreciating that

2

sup |y = sup [
se[oATIET (046, A0 r€[0,6]

M, T

9+7‘/\n U
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then yields the claim (73), which in combination with (72) grants that
1
B [0 — 197 g i) < B (545 )

1
To conclude the proof we simply note that d; + (5; is P — a.s. monotone decreasing (as j — 00)
and convergent to 0. The Monotone Convergence Theorem thus justifies that the limit as j — oo
of the right hand side is zero, so the result is shown.
O

4.6 Existence and Uniqueness of Strong Solutions

We now have all of the ingredients needed to apply Proposition 6.1. In this subsection, we fix ¥
to be the unique weak solution of the equation (1) for the initial condition fixed in (58), known to
exist from Theorem 3.5.

Proposition 4.11. For any R > 0, there exists a subsequence indexed by (m;) and a constant
M > 1 such that the stopping time

S
BT :zT/\inf{sZO: sup ||\IIT||2U—|—/ H‘I’,«H%d?"ZR}
0

rel0,s]

satisfies the property 7T < T%’T for allm; P —a.s..

Proof. This comes from a direct application of Lemma 6.1, for the Banach Space X; := C ([0,t]; U)N
L2 ([0,t]; H) equipped with norm [l7z7.¢- The conditions (78) and (79) are given in Proposition 4.9
and Lemma 4.10. The only component in need of proof is that the limiting process ® we achieve

from Lemma 6.1 is in fact ¥. We are given that (¥™) converges to ¥ in L? ([0, 7250, H) which

is a stronger convergence (up to 2 ’T) than what we had in Theorem 2.15, which was used to
show that the limit process was a weak solution of the equation (1). Hence in the same manner
as Proposition 2.18, we see that ® must be a local weak solution as well, up until the stopping
time 72 ’T, so from the uniqueness of weak solutions we must have that ® is in fact equal to ¥ on

[0, 7257, which is sufficient for the result. O

This allows us to deduce the additional regularity required for ¥ to be a strong solution.

Proposition 4.12. The process ¥ is progressively measurable in V' and such that for P — a.e. w,
V. (w) € L= ([0, T]; H) N L* ([0, T]; V).
Proof. Propositions 4.7 and 4.11 together imply that, for any R > 0,

R

+RT
ap (ol [ e <o

rel0,r BT

E

where C'r now incorporates ”‘IJOH%OO(Q; gy and shows the dependency on M in terms of R. We

also note use of (2) in this deduction. In consequence the sequence of processes (V71 . rr) is
uniformly bounded in both L? (€; L* ([0, T]; H)) and L* (€; L* ([0, T]; V)). We can deduce the exis-
tence of a subsequence which is weakly convergent in the Hilbert Space L? (Q; L? ([0, T; V)) to some
@, but we may also identify L2 (Q; L> ([0, T]; H)) with the dual space of L* (Q; L* ([0,T]; H)) and as
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such from the Banach-Alaoglu Theorem we can extract a further subsequence which is convergent to
some ® in the weak* topology. These limits imply convergence to both @ and & in the weak topol-
ogy of L? (Q; L? ([0, T]; H)). However, we know that (¥’ 1. rr) converges to ®.1. .rr P—a.s. in
L?([0,T]; H) from Lemma 6.1, and from the Dominated Convergence Theorem (domination comes

easily from 1 o rr, 787 < T%’T) then in fact the convergence holds in L? (Q; L? ([O,T];H)).
Of course the same convergence then holds in the weak topology, and by uniqueness of limits in
the weak topology then W.1 o rr = & = & as elements of L? (Q;L2 ([O,T];H)), so they agree
P x A —a.s.. Thus for P —a.e. w, ¥.(w)l.c;rr(,) € L% ([0,T]; H) N L2([0,T); V). At each such
w the regularity of ¥ as a weak solution ensures that for sufficiently large R (dependent on w),
78T (w) = T. Therefore for P — a.e. w , ¥.(w) € L ([0,T]; H) N L2 ([0, T); V).

The progressive measurability is justified similarly; for any ¢ € [0, T], we can use the progressive
measurability of (¥ ) and hence (¥”1 _ rr) to instead deduce W.1 . rr as the weak limit
in L2 (Q x [0,t]; V) where Q x [0,] is equipped with the F; x B([0,]) sigma-algebra. Therefore
W1l rr:Qx][0,t] = V is measurable with respect to this product sigma-algebra which justifies
the progressive measurability of the truncated process. To carry this property over to ¥, we
recognise W as the P x A almost everywhere limit of the sequence (¥.1 . _rr) as R — oo over the
product space Q x [0, ] equipped with product sigma-algebra F; x B ([0,¢]). Such a limit preserves
the measurability in this product sigma-algebra, justifying the progressive measurability of W.

O

Applying Lemma 4.6 in conjunction with Proposition 4.12 now proves Theorem 4.5 in the case
of a bounded initial condition (58). Extending this result to a general Fy—measurable ¥ : Q — H
is done exactly as we did for the weak solution in Subsection 3.3, so we do not repeat these steps
and conclude the proof of Theorem 4.5 here.

4.7 Continuity?

We close this section with a somewhat more informal discussion around the pathwise continuity
of the strong solution ¥ in H. One may well have expected this to appear in the definition of
the strong solution, though it seems challenging to verify and additional assumptions that could
facilitate it are perhaps too restrictive. A first result is given now.

Lemma 4.13. Let Assumption Sets 1, 2 and 3 hold. Suppose that there exists a continuous bilinear
form (-, )y : U XV = R such that for every f € H, p €V,

<f7¢>U><V = <f7¢>H
Then for P —a.e. w, ¥.(w) € Cy, ([0,T]; H).

Proof. Fixing arbitrary ¢ € V., ¥ satisfies the identity

t t
<\Ilt7¢>U><V = <W07¢>U><V + </0 A(87 ‘I’s)ds7¢>U v + </0 g(S, lI’S)dVVS7¢>U v

P — a.s. for all t € [0,T], and by continuity of the bilinear form,
t

t
<‘I’ta¢>U><V = (lIl07¢>U><V +/0 (A(S,‘I’s)a¢>vad3+/0 (g(S,‘I’s),@UdeWS'
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We want to use that (¥, ¢) v = (¥e, @)y, but it is not yet clear that ¥, € H P — a.s. for all
t € [0,T]. It can, in fact, be verified by a very similar process to the proof of Proposition 4.12.
To show this let us fix any ¢t € [0,7]. For P — a.e. w, ¥.(w) € L* ([0,T]; H) thus for a countable
dense subset (t,) of [0,T], ¥, (w) € H and such that || ¥, (w)| ; < ¢ independent of n. We choose
now any sequence (f) which converges to t. The sequence (¥, (w)) is uniformly bounded in H,
so admits a weakly convergent subsequence to a limit ¢. However, as ¥.(w) € C([0,T];U) then
(¥, (w)) is strongly hence weakly convergent to ¥,(w) in U, so by uniqueness of limits in the weak
topology then ¥;(w) = v and in particular W;(w) € H. Thus, P — a.s. for all ¢t € [0,T],

t

<lI’ta¢>H: <‘I’07¢>U><V+/O <A(87‘I’s)7¢>U><Vds+/ <g(87‘1’s)7¢>U><VdWs

0

so that (¥, @) is P —a.s. continuous. This is not quite enough for weak continuity, as we instead
require that (¥, f); is P — a.s. continuous for any f € H, not just any ¢ € V. From this point,
though, we can extend the continuity to f by the density of V' in H, identically to the end of the
proof of Proposition 2.18. O

Pathwise continuity of ¥ in H would now follow from only pathwise continuity of the norm
| .||y, see e.g. [20] Lemma 1.5.3. A popular way to show such a property is through Kolmogorov’s
Continuity Theorem, by verifying that there exists a constant C' such that for all s <t € [0, 7],

4
B (|, - i) < -

which is the typical choice of parameters to apply Kolmogorov’s Continuity Theorem for a Brownian
Motion and related SDEs. Our assumptions don’t quite allow us to show this, even at the level
of the Galerkin System: the issue arises in the V-norm dependence in (57), which is necessary to
have for applications in the case of Navier Boundary Conditions as seen in Theorem 5.4. There is,
however, a simpler case where continuity can be deduced.

Lemma 4.14. Let Assumption Sets 1, 2 and 3 hold. Suppose that there exists a continuous bilinear
form (-, )y : U x V= R such that for every f € H, p €V,

<f7¢>U><V = <f7¢>H
In addition, suppose that H can be taken as H. Then for P —a.e. w, ¥.(w) € C([0,T]; H).

Proof. This is now a direct application of Proposition 6.4. O

5 Applications: Stochastic Navier-Stokes Equations

We present applications of our framework for the Navier-Stokes Equation under Stochastic Advec-
tion by Lie Transport (SALT) proposed in [29], given by

t t t
Up = U — / Loy usds + V/ Augds + / B(us) o dWs — Vp, (74)
0 0 0

where u represents the fluid velocity, p the pressure®, £ represents the nonlinear term and B is a
first order differential operator (the SALT Operator). A complete introduction to this equation is

®The pressure term is a semimartingale, and an explicit form for the SALT Euler Equation is given in [54]
Subsection 3.3
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given in [22], with full technical details that are glossed over here, although we note that our results
can be applied for a variety of additive, multiplicative and transport noise structures. The choice
of SALT noise is particularly challenging and demonstrates the efficacy of our framework. Intrinsic
to this stochastic methodology is that B is defined relative to a collection of functions (§;) which
physically represent spatial correlations. These (&;) can be determined at coarse-grain resolutions
from finely resolved numerical simulations, and mathematically are derived as eigenvectors of a
velocity-velocity correlation matrix (see [7, 8, 9]). Indeed, this operator B is given by the actions
of its components B; on a vector field ¢ by

By (doj0+¢'ve)

i=1

in N-dimensions, where the superscript denotes the j*' component mapping. We note this is
the sum of a classical transport term and a zeroth-order term. The equation (74) is posed on
a smooth bounded domain ¢ C RY, and we introduce the notation C&OU to be the subspace of
cge (ﬁ RN ) consisting of divergence-free functions, which is to say those ¢ € C§° (ﬁ RV ) such
that Zﬁvzl 8j<;5j = 0. Following this, we define L2 as the closure of Ciy In L? (ﬁ ‘RN ), and the
Leray Projector P as the orthogonal projection in L? (ﬁ; RN) onto L2.

To study this equation more freely, we commit two manipulations of (74); the first is to project
via P, and the second is to convert to It6 Form. With this, we arrive at

t t 1 [t t
U = ug — / PLy us ds + 1// PAugds + 3 / ZPBfusds + / PB(us)dWs (75)
0 0 0 i 0

which is now in the form of (1). We emphasise again that a thorough overview of this process is
given in [22]. Applications of our framework for different dimensions and boundary conditions are
given below.

5.1 No-Slip Boundary Condition

Let us impose the boundary condition u = 0 on 9&’; this is the so-called no-slip boundary condition.
We define the space Wh? as the closure of Coo in w2 (ﬁ RN ), and W22 as the intersection of

W22 (ﬁ RN ) with W2, Indeed functions in Wy satisfy both the divergence-free and zero-trace
conditions, so the incompressibility and boundary constraints are embedded into this function
space. The functional framework of Subsection 1.3 is satisfied for the spaces

V=W = H=WM  U:=IL2

and the system (ag) of eigenfunctions of the Stokes Operator —PA. The mappings PL, PA are
understood from Wa? into <W;2) by the duality pairings for f,g € WE? of

<P£ff7 g>(W;,2)*XW;,2 = <£ff7 g>L6/5><L6
<PAf7 g>(w;72)*><W§72 = - <f7 g>1

where (-,-); represents the homogeneous W12 inner product, which is to say without the L? com-
ponent. As a direct application of Theorem 2.7, we can obtain the following.
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Theorem 5.1. Let N = 2 or 3, ug € L*® (Q;Lg) be Fo—measurable, (&;) € W2 N W2 with
>y HQHI%VQ,(X, < 00. Then there ezists a filtered probability space (Q,]:", (.7:}),113), a Cylindrical

Brownian Motion W over $\ with respect to (Q,]:", (.7:"t),113>, an Fy—measurable Gg : Q — U with

the same law as ug, and a progressively measurable process U in W;’2 such that for P—ae @,
i.(w) € L% ([0,T); L2) N Cy ([0, T); L2) N L <[0, T; W(}’2) and

t t 1 [t t B
at:ao—/ PLag, Ty ds+l// PAﬂsds+§/ ZPB?ﬂsds+/ PB(iis)dW
0 0 (U 0

holds P — a.s. in (W(;m) for allt €[0,T].
In fact we can do better in 2D, as an application of Theorem 3.5.

Theorem 5.2. Let N = 2, ug : Q — L2 be Fo—measurable, (&) € Wa > NW 2> with > ||£i||%,[,2,oo <
oo. Then there exists a progressively measurable process u in Wa? such that for P — ae. @,
u.(w) € C([0,T); L2) N L? ([O,T]; W(}2> and (75) holds P — a.s. in (W(}2> for all t € [0,T].

These results are proven in [23] Theorems 1.9 and 1.10, stated slightly differently although
Lemma 3.9 connects the definitions. Whilst these results are not new, they are very recent and
our framework provides an efficient way to obtain them. The existence of strong solutions in 2D
is far more challenging, however, and remains unsolved. Towards a success, we note the necessity
of considering an extension H of H in Assumption Set 3, Subsection 4.1. The Leray Projector P
does not preserve the zero-trace property, so PB; does not map from W22 into W;’z, but instead
an extended space V_V; 2 defined as the intersection of W12 with L2. This is again a Hilbert Space
with (-,-); inner product; see [21] Subsection 1.2.

Nevertheless, we are still unable to verify (54) and Assumption 4.2. This owes to the fact that P,
is self-adjoint only on Wa? and not Wi ’2, leaving us stuck with the finite dimensional projection in
a way which offers no clear solution. The situation is different for the Navier boundary conditions.

5.2 Navier Boundary Conditions

In two spatial dimensions we can impose different boundary conditions for (75), namely the Navier
boundary conditions. These are defined on 06 by

u-n=0, 2Dun-t+au-1=0 (76)

where n is the unit outwards normal vector, ¢ the unit tangent vector, Du is the rate of strain tensor
(Du)kt .= 1 (Opu' + 9uk) and o € C2(00; R) represents a friction coefficient which determines the
extent to which the fluid slips on the boundary relative to the tangential stress. These conditions
were first proposed by Navier in [44, 45], and have been derived in [42] from the kinetic theory of
gases and in [41] as a hydrodynamic limit. Furthermore these conditions have proven viable for
modelling rough boundaries as seen in [2, 18, 50]. To fit the framework of this paper we again have
to embed the boundary conditions into useful function spaces. We shall use the space V_V; ’2, which
was the intersection of W12 with L2, and contains the divergence-free and impermeable boundary
condition (that u-n = 0). The remaining component of (76) has to be included at the W22 level,
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as we are concerned with the trace of a derivative which needs more than W12 regularity to be
understood in the usual sense. Thus, we define

W22 .= {fe W22(Oo;R) NWE2:2(Df)n-t+af -1 =0 on o0} .

Of course this space does not appear in the definition of a weak solution, so it is perhaps unclear
how the boundary conditions (76) inform the weak solution. The answer comes from how to extend
the Stokes Operator —PA to W42, In [32] equation (5.1), c.f. [21] Lemma 1.4, it is verified that
for ¢ € W22, f € W2,

<,PA¢7 f>L2 = <¢7 f>1 + <("£ - Oé)(Z5, f>L2(80;R2)

where £ : 00 — R represents the curvature of the boundary. Therefore, for each « as in (76), we

_ _ _ *
extend the Stokes Operator from W22 to W2 as a mapping into (W(;m) by the duality pairing
for g, f € WE? of

<PA97 f>(W;’2)*><W;'2 == <97 f>1 + ((K’ - Oé)g, f>L2(8ﬁ;]R2) .

The nonlinear term requires no special attention to be understood in the weak sense, similarly to
the no-slip boundary condition. We equip W2 with the inner product (f,9)y = (PAf, PAg) ;2
which is equivalent to the standard W22 inner product (see [21] Lemma 1.2), and Wa? with the
(-,-); inner product. Then as a direct application of Theorem 3.5 we obtain the following.

Theorem 5.3. Let o € C2(O;R), ug : Q — L2 be Fo—measurable, (&) € Wa> N W2 with
> H&H%/Vz,oo < 00. Then there exists a progressively measurable process u in Wa'> such that for
P—ae @, u(w) € C([0,T);L2) N LA ([O,T];W;g) and (75) holds P — a.s. in <WC}2) for all
te[0,T].

This result is given in [21] Theorem 1.14, and a strong existence result is proven as Theorem
1.15 in the same paper. For this, we need to make some adjustments; to verify Assumption 4.2
we cannot use the (-,-); inner product for H as this leads to an uncontrollable boundary integral.
Instead, we have to manufacture a more reasonable boundary integral into our inner product. Thus,
we instead equip W(}Q with

(f, 9>H = (f, 9>1 +{(k —a)f, 9>L2(a(7;R2)

which is an inner product equivalent to the usual W2 form when o > k everywhere on 9. This
requirement appears in the result, obtainable through Theorem 4.5.

Theorem 5.4. Let a € C?(Q0;R) be such that o > K, ug : Q@ — W2 be Fo—measurable,
(&) € L2 n Wg”2 N3 with Y50, ||€ill 3.0 < 00. Then there exists a progressively measurable
process u in Wa? such that for P — a.e. @, u.(w) € C ([O,T];W;g) N L? <[0,T];Wa2’2> and (75)
holds P — a.s. in L2 for all t € [0,T].

We note use of Lemma 4.14 here, as in this case, the extension H of H in Assumption Set 3, Sub-
section 4.1, can simply be Wa? itself. In addition, it should be noted that the requirement a > k is
rather reasonable; at least heuristically, as o grows large then u-¢ = 0 dominates the second identity
of (76), which would then result in the traditional no-slip condition. Given the wide acceptance of
the no-slip condition, deviation from it with Navier boundary conditions is only expected for large
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a. A rigorous result regarding the convergence of solutions to the deterministic Navier-Stokes equa-
tion with Navier boundary conditions to the no-slip solution for & — oo is available in [32] Section 9.

Of course this invites the question as to how the Navier boundary conditions solve the issue of Py,
present for the no-slip case. More detail is given in the conclusion of [21], but in essence, this owes
to the fact that the basis of eigenfunctions of the Stokes Operator satisfying the Navier boundary
conditions are dense in the range of the Leray Projector in W12, That is, these eigenfunctions
form a basis of Wo? instead of W;’z, so the Leray Projector mapping only into W2 is now
non-problematic.

6 Appendix

6.1 The Cauchy Result

Proposition 6.1. Fiz T'> 0. Fort € [0,T] let X; denote a Banach Space with norm ||-||y, such
that for all s > t, X5 — Xy and [|-||x, < ||I'llx - Suppose that (¥") is a sequence of processes
Ut Qo Xr, [[¥"|x. is adapted and P — a.s. continuous, ¥" € L% (Q; X7), and such that
sup,, [[¥"[|x o € L> (s R). For any given M > 1 define the stopping times

FMT . T A inf {s >0 "%, > M+ H\IJ"H;O} . (77)
Furthermore suppose
n m||2 _
W%gnoo sup E [H‘I’ - ||X77_7]7tl{,t/\7_7{bw,ti| =0 (78)

and that for any stopping time v and sequence of stopping times (6;) which converge to 0 P — a.s.,

tim sup B (1973 50 anr = [ @75 e ) = 0. (79)

] neN

Then there exists a stopping time TOAC/,[’T, a process W : Qi X _mr whereby || ¥y w1 is adapted
and P — a.s. continuous, and a subsequence indexed by (m;) such that

° MT<Tn]\7£T

P—a.s.,
° limj_mo ”‘I’ — Py HXTM,T =0P—a.s..
syl oo

Moreover for any R > 0 we can choose M to be such that the stopping time
T = T nin {5 > 05 )% e > R} (80)

MT]P)

satisfies T < 755 —a.s.. Thus 7%7T is simply T A inf {s >0: H\IIH?XS > R}.

Remark 6.2. A consequence of the properties that sup,, [ ¥"( y o € L= (2;R) and
lim; o0 ||¥ — \IlmeX v =0P—a.s. is that [|[¥| x o € L (4 R). Therefore for
R> H IN4IE% OH we have that 77 is P — a.s. positive, hence so too is M, for appropriately

L= (R
chosen M.
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Proof. Property (78) implies that for any given j € N we can choose an n; € N such that for all
k > nig,

M.t
X,Tnj AT

E (H\Ilk —a[* > <o~ (81)
Mt | = :

We shall make use of delicate manipulations of the subsequence indexed by (n;), and for this we
introduce a new sequence of stopping times. We now impose that

M > 2+ [|sup [ ®"]%
neN L (;R)
and define
M~ |[suppen 197 o
M2 = LR@B)

2
The purpose of this is to define

a}/[ =T Ainf {s >0 |8 x> (M—1+277)+ H‘I’njHX,o}

and ensure that 0']]-\/‘[ < Té\;[ T at every w. Note the key difference in not squaring the norm, and also

that M > 1 so each O'j\/[ is necessarily positive. To demonstrate the inequality, it is sufficient to
show that, P — a.s.,

~ . 2
(7 =1+ 27) + @ ) < M+ (125, (52)
or more easily
2
~ . 12
(31 4+ 197y ) < M+ 197

This is possible as

~ 2 ~
(31 + 191 0) < 2012 + 2] 9™ |50 = M — 2w,

2
sup [ "% o
n Lo (R)

<M+ ([T,

The property (82) is thus verified, so 0']]-\/‘[ < T,JL‘;[ " and hence the subsequence (®"i) enjoys the same
properties up until the corresponding O'j\/[ . In particular from (81),

l .
E <H\Imj+1 . ||X,U§”/\Jﬁ1> < [E <H\Im]‘+1 . ||2X,JM/\U§\{F1)} P <o7Y, (83)

J

hence in defining the sets

Q) = {w € Q1 @5 (w) = B W)l x 1t pnot ) < 279} (84)

w)
we have, by Chebyshev’s Inequality and (83),

c ) . , o

P () < 272 (107 — @y pyepp ) < 2972

We have, therefore, that

iP(QJC) < 00

Jj=1
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from which we see

is such that P(2) = 1 so that in verifying P — a.s. properties, we can in fact simply show that they
hold everywhere on €). More precisely, we also take {2 to be such that every ||[¥"|| y is continuous

on €, which is only a further countable intersection of full measure sets. We proceed by considering
the sets

Q=
J

DL

Q;
K

with the idea to just show such properties on Qg for all K (as their union makes up Q) We look
to construct a new stopping time ¢! (which will prove to be the desired 2 ’T) given as the P—a.e.
limit of (05—‘/" ), built from demonstrating that (05—‘/" ) is monotone decreasing everywhere on Q for
all K. In other words we show that for sufficiently large j (in fact, just j > K) that the set

= {0']]-\/[ < 0%_1} NQx (85)

is empty. Firstly we observe from the strict inequality a;-‘/[ < 0%1 on this set that a;-‘/[ < T, implying
that

oM = inf{s >0 |, > (M —1+277)+ H‘I'”fHX,o}

so by the continuity of [|[¥"/ | ,
17l e = (M = 1+277) + [[ @™ . (86)
Using the definition of Q;, (84), for j > K, we have that
n; _ ||+t < Wi+l — P —(j+2)
N7 [ gapgnr | — 1R [y gar e < (| RH— B[ parponr <2 (87)

and also ‘
@51 | o — (B [| o < [[@551 — B[ < 2702, (88)

Combining (86), (87) and (88), whilst using that aj»‘/[ < 0%1, we see that
154 | arpgnr | > (1™ | gar e — 27U

= 12" | gar —270F2

= [ %"+ (M —1+277) - 27U+

> @ o — 2701 4 (M — 14 277) — 270+

= " + (M — 1+270FY), (89)

where in the last line we have used the manipulation

—9=(+2) _9=(+2) 4 90=F — _9=i~-1 4 9= _9—J (_2—1 + 1) — 977 (2—1) — 9—(U+1)
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The hard work is done in showing that the set I" defined in (85) is empty, as on this set note that

[P+ HX,ajw/\Jﬁl < ||pnit HX,aj‘il e o+ (M —1+ 2= (+1),

which contradicts (89), hence I' must be empty. Thus on every Q k, and furthermore the whole of

Q, the sequence (oM) is eventually monotone decreasing (and bounded below by 0). Furthermore

J
M as the pointwise limit lim;_, 05—‘4 on €2, which must itself be a stopping time as the
P — a.s. limit of stopping times. As mentioned this shall prove to be our M ’T, and for the existence

of W we show that on € the subsequence (¥") is Cauchy in X, ou. Every w e Q belongs to Q for

we define o

some K, and furthermore to )y, for all L > K. We fix arbitrary w € ) and select an associated K.
At this w, for any j > k > K, observe that

W75 — W[y oy = ([ — W PR Ry
< T =y par o+ ([ — Ty
< — gy 270
J
Z 9—(+2)

1=k
2—(k+1)

IN

IN

having carried out an inductive argument in the penultimate step. We are thus free to take K
large enough so that this difference is arbitrarily small; therefore there exists a limit in the Banach
Space X, which we call ¥. The process ||®|x ., is adapted and P — a.s. continuous, as

.
s 1] x ot = 1R x o poae

< sup [0 W 1 W
re[0,T]

which has P — a.s. limit as j — oo equal to zero. Thus || ¥y ,,u is given, P —a.s., as the uniform
in time limit of adapted and continuous processes, verifying the result. Moving on, it is now that
we make use of (79) much in the same way as we did for (78). This will be done in the context of
v:= oM and §; := aéw — oM. Indeed for any j € N we can choose an m; € N (where m; = n; some

[) such that for all k& > m;,

n|2 o n| 2 —2j
SUp B (105 o rr = 197 gy poir) < 27

In particular, through a relabelling of anj‘f;g = alM )

B (197 1y, — 197 1y ) <27

M

by choosing n as m; and using that oM < aﬁ/[ SO < T%7T. In a familiar way we define

o = {HWN&,U% Ry < 2—“*”}
J

so that, just as we showed for (84),



For arbitrary given R > 0, the plan now is to find a constant M such that at every w € QN Q,
either o = T or |"I'H§(,0M > R. In both instances it is clear that 77 < ¢} thus proving the

proposition. To this end we fix an w € QN Q such that oM < T. As oM is the decreasing limit of
(J%j) then for sufficiently large m; we must also have that o)/ < T. Exactly as in (86),

j
™ e = (M = 14279) + || @™ .- (90)
From the proven convergence we also have that for sufficiently large m;,
@ — " [ o <1 (91)
which implies that || ®||y ,a > [[¥™7 ]|y ;0 — 1, and likewise as w € Qg for some K,

1™ % on = ™ |5 par < 1. (92)
J

We fix an m; large enough so that (90), (91) and (92) all hold. Substituting (90) into (92) gives
that

~ . 2 ~
19751 s > (V= 1+ 279) + @75 ) — 1> (M= 1) 1.

If M > 2 then the expression on the right is positive and

N

1™ x g > (7 = 1) =1)
Furthermore .
1o > (=12 =1)" =1

where the right hand side is of course monotone increasing and unbounded in M and hence M. By
choosing M large enough such that

1 2
[((M—1)2—1>2 —1} >R
we complete the proof. O

6.2 Useful Results from the Literature

We state some key theorems used throughout the paper. Firstly is a well-posedness result for an
SPDE in a finite dimensional Hilbert Space (though driven by a Cylindrical Brownian Motion) in
the standard case of Lipschitz and linear growth constraints.

Proposition 6.3. Fix a finite-dimensional Hilbert Space H. Suppose the following:

1: For any T > 0, the operators o/ : [0,T] x H — H and 4 : [0,T) x H — ZL2(;H) are
measurable;
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2: There ezists a C. : [0,00) = R bounded on [0,T] for every T, and constants ¢; such that for
every ¢, € H and t € [0, 00),

| (8, @5, < Cu 1+ 13
196, 8)1 < Cres [1+ 1913

Zci < 00
i=1
17 (t, ) — o (£, )17, + D 1i(t, ) — %i(t, )3, < Ci [l — I3,
=1
3: &g € L2(Q;H).

Then there exists a process ® : [0,00) x Q — H such that for P —a.e. w, ®.(w) € C([0,T];H) for
every T > 0, ® is progressively measurable in H and the identity

t ¢
®;, = P +/ o (s, ®5)ds +/ G (s, ®5)dWs (93)
0 0

holds P — a.s. in H for every t > 0.

Moreover, suppose that ¥ : [0,00) X  — H is another process such that for P — a.e. w,
¥ (w) € C([0,T};H) for every T > 0, ¥ is progressively measurable in H and the identity (93)
holds P — a.s. in H for every t > 0. Then for every T > 0,

P({we: ®(w) =T(w) Vtel0,T]})=1.

Proof. See [20] Theorems 3.1.1 and 3.1.2.
U

Proposition 6.4. Let Hi C Ho C Hg be a triplet of embedded Hilbert Spaces where Hq is dense
in Ho, with the property that there exists a continuous nondegenerate bilinear form <"'>7—l3><7-l1 :
Hs x H1 — R such that for ¢ € Ho and ¢ € H,,

(0 V) sgsry = (D38, -
Suppose that for some T > 0 and stopping time T,
1. Oy : Q — Ho is Fop—measurable;
2. f:Qx[0,T] — Hz is such that for P — a.e. w, f(w) € L*([0,T]; H3);

3. B:Qx[0,T] — L%U;Hs) is progressively measurable and such that for P — a.e. w, B(w) €
L2 ([0,T]; £%(4; Ha)) ;

4. W :Qx[0,T) = My is such that for P —a.e. w, ¥.(w)l.<r() € L*([0,T];H1) and ®.1.<; is
progressively measurable in Hi;
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5. The identity

tAT tAT

v, =W, + fsds +/ BydW; (94)
0 0

holds P — a.s. in Hs for all t € [0,T].

The the equality

tAT tAT
1417, = 1%0l3, +/0 (2 (fss W)y xat +HBSH?$,”2(LJ.;H2)>dS+2/O (Bs, Ws)gy, dWVs  (95)

holds for any t € [0,T], P — a.s. in R. Moreover for P — a.e. w, ¥.(w) € C([0,T]; Ha).

Proof. This is a minor extension of [51] Theorem 4.2.5, which is stated and justified as Proposition
2.5.5. in [20]. This is necessary for us as it extends the Gelfand Triple setting, removes the need
for moment estimates and allows for local solutions. O

Lemma 6.5 (Stochastic Gronwall). Fizt > 0 and suppose that ¢, 1, n are real-valued, non-negative
stochastic processes. Assume, moreover, that there exists constants ¢, ¢, ¢ (allowed to depend on t)
such that for P — a.e. w,

t
/ ns(w)ds < ¢ (96)
0
and for all stopping times 0 < 0; < 0, < t,
Gk ek
E sup ¢, | + E Psds < cE [(ﬁgj + E] —|—/ NsPsds | < 0o
TE[Gj,@k] 9] Oj

Then there exists a constant C dependent only on ¢, ¢é,¢,t such that

[E sup ¢7‘+E/ 'l,bsd3<0[ (¢0)+C]

rel0,t]
Proof. See [19] Lemma 5.3. O
Lemma 6.6. Let Hi,Hso be Hilbert Spaces such that Hy is compactly embedded into Ho, and for

some fized T >0 let (¥") : Q x [0,T] — Hi be a sequence of measurable processes such that

T
SupE/ H‘I’?H?—[l ds < oo (97)
neN 0

and for any € > 0,

T—6
lim supP <{w eN: / @7 5(w) w)HiZ ds > E}) =0. (98)

0—=0% neN

Then the sequence of the laws of (¥") is tight in the space of probability measures over L? ([0, T]; H2).

Proof. See [53] Lemma 5.2. O
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Lemma 6.7. Let Y be a reflexive separable Banach Space and H a separable Hilbert Space such
that Y is compactly embedded into H, and consider the induced Gelfand Triple

Vs H s Y

For some fixed T > 0 let ¥™ : Q — C([0,T]; H) be a sequence of measurable processes such that
for every t € [0,T1,

supE | sup [[¥}|, | < oo (99)
neN te[0,7
and for any sequence of stopping times (V) with v, : Q@ — [0,T], and any e >0, y € Y,
Jim supP ({o € 25 (9, p0r = 95,00), | > <}) =0 (100

Then the sequence of the laws of (®™) is tight in the space of probability measures over D ([0, T]; V*).
Proof. See [20] Lemma 3.3.2. O
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