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Introduction

Despite having been formulated more than two centuries ago, equations of fluid dynamics still
present outstanding open problems in mathematics. We refer in particular to the equations of
incompressible Newtonian fluids, which are described in the viscous case by the Navier-Stokes
equations

{&U—I/Av—l—(v-V)v—i-Vp:f 1)

V-v=0

and in the inviscid case by the Euler equations
ov+ (v-Vv+Vp=f @)
V-v=0

Here v is the velocity field of the fluid, p is the scalar pressure field, f is the external force field
and v > 0 is the kinematic viscosity, which is a fixed parameter and corresponds to the inverse of
the Reynolds number. The incompressibility condition is represented by the condition V -v = 0.
The unknowns are v and p, while f is given, as well as an initial condition v(0,z) = vo(x)
which, together with system (1) or (2), defines a Cauchy problem. If the equation is considered
on a bounded domain Q C R? d = 2,3, then suitable boundary conditions must be added,
usually slip or no-slip conditions; otherwise if the problem is considered on the whole space R?, a
sufficient decay at infinity must be imposed, while on T = R?/Z? periodic boundary conditions
are assumed. In the 3-D case, d = 3, well-posedness of the above systems is not known: in
the case of Navier-Stokes equations, local existence and uniqueness of solutions is known for any
sufficiently regular initial data, while global existence of weak solutions is known for any vy € L?;
however we don’t know whether smooth solutions are defined globally or a blow-up might occur
and the uniqueness of weak solutions is an open problem. For the 3-D Euler equations the
situation is even worse, since only local existence and uniqueness of strong solutions for vg € H?,
s > 5/2, is known, while there are no results regarding the existence of weak solutions and there
are examples of their nonuniqueness, first obtained by Scheffer and later by Shnirelman and De
Lellis, see [1], [2]. In particular for the Euler equations there is a huge gap with respect to what
is known in the 2-D case, where the invariance of the enstrophy allows to obtain global existence
of strong solutions for sufficiently regular initial data. For more details we refer to standard
textbooks and reviews, such as [3| and [4].

In his pioneering work [5], Leray showed the existence, for any vy € L2, of global weak solutions
of (1) satisfying an additional condition on their energy, which are usually called Leray weak
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6 Introduction

solutions. His proof was based on considering solutions of the following auxiliary systems, called
Leray-a model of Navier-Stokes equations:

ov® — vAV* + (u® - V)o* + Vp = f
u® = Gg * v (3)
V-v*=0

where a > 0 is a fixed parameter and G, is a smoothing kernel such that G, — I in some sense
as @ — 01. Leray was able to show global existence of strong solutions of (3) for any smooth
initial data and then obtained the Leray weak solutions as weak limits in H' of (a subsequence
of) {v*}4>0; the condition obtained on the energy is a consequence of the properties of {v*}4>0
and the weak limit. However, he wasn’t able to show uniqueness of such solutions. In [6], a
special smoothing kernel was considered, namely the Green function associated to the Helmholtz
operator I — oA, so that (3) becomes

o — vAV* + (u® - V)o*+ Vp = f
v* = (I — alA)u® (4)
V-v*=0

This choice of G, works as a kind of filter with width « and reflects a sub-grid length scale in
the model; it can be regarded as a numerical regularization of (1). Indeed, it is more reliable and
robust in numerical simulations and agrees with experimental data, especially at high Reynolds
number. It would seem reasonable to try to follow Leray’s approach also in the case of Euler
equations and consider the following family of auxiliary systems, which we will call Leray-a
model of Euler equations:

Ohv® + (u* - V)vo* +Vp=f
v* = (I — alA)u® (5)
V-v*=0

However, differently from (4), well-posedness of (5) is not known. Local existence of strong
solutions can be shown similarly to the Euler equations and global existence of weak solutions is
known (see the appendix in |7] for a proof), but their uniqueness is an open problem. Moreover,
we lack a regularity result needed in order to pass to the limit as @ — 0 and obtain a weak
solution of (2); in fact, if we only assume weak convergence in L?, then an additional term,
called Reynolds stress tensor, is expected to appear in the equation, see [4].

An approach considered in recent years in order to solve systems (1) and (2) is to stochasti-
cally perturb the equations by a suitable noise. The introduction of noise has phenomenological
motivations: disturbances are always present, although very small with respect to the macro-
scopic quantities; they usually don’t appear in the models only because these are idealizations
of real life phenomena in which negligible terms are omitted. It is well known that the addition
of noise to a deterministic ODE can have regularizing effects in terms of well-posedness, as it
was shown by Veretennikov in 1981, see [8]; such fenomenon is usually referred as regulariza-
tion by noise. More recently, the same feature has been shown also for several PDEs, in which



the addition of noise may improve regularity of the solution, restore well-posedness or prevent
blow-up; reviews of the results on the topic are given in [9] and [10]. A possible program of this
research direction (see Section 3 of [11] for a more detailed version) is the following: first find a
suitable noise whose introduction restores well-posedness (uniqueness in law is sufficient) of the
problem; then understand what happens when we let the noise tend to 0. Namely, let {P®}.~0
denote the laws of the solutions of the perturbed problem (with respect to the same given initial
conditions and external forces) where the noise is taken with a multiplicative coefficient €. The
non trivial zero-noise result would be to show that the whole family {P®}.~¢ converges in law
to a measure P. We expect the support of P to be made of (possibly weak) solutions of the
original unperturbed problem; the question then becomes to understand if such solutions have
a special physical meaning: maybe the mathematical problem has a defect of non-uniqueness
but the physical problem behaves uniquely and the physical behaviour is the one stable with
respect to infinitesimal perturbations. Unfortunately, such program is far from being developed
in a general theory; only partial results, related to specific models, have been obtained.

One thing has become clear however: there isn’t a unique way to stochastically perturb a model
and, depending on the structure of the equation, some types of noise can perform differently. For
systems of PDEs it is natural to introduce, in analogy to Veretennikov’s results for ODEs, addi-
tive non degenerate noise. However, starting with [12], it has been observed that also a bilinear,
multiplicative Stratonovich (thus strongly degenerate) noise can have a regularizing effect. The
latter has been more successful in problems arising in fluid dynamics, especially in the inviscid
case, as it introduces a parabolic term in the equation at the level of mean values of the solutions
(to understand better what we mean, we refer to the general discussion of Section 3.1 of this
work or to Section 5.5.2 of [10]). Another reason to prefer a Stratonovich multiplicative noise
is that it may preserve useful conservation laws of the original system, which are broken by the
introduction of additive noise.

At present, 3-D Euler equations seem too difficult to study, even in the presence of noise; for this
reason in this work we focus instead on a stochastic perturbation of (5) of the following form:

dv® + [(u® - V)o® + Vpldt + E[(I — ald) o dW - Vo™ = fdt
v* = (I —alA)u® (6)
V-v*=0

where W is a generalized Wiener process on L? and «, & > 0 are fixed parameters; a more detailed
description of W, as well as an explanation of the meaning of system (6), are given in Sections 3.1
and 3.3. For simplicity we have restricted our attention to the (physically less meaningful, but
mathematically easier to treat) case of functions defined on T = R3/Z3 with periodic boundary
conditions. Most of the time we only consider € = 1, but all the results stated are easily extended
to any € > 0. Moreover, everything holds also in the case d = 2 and could be generalized to
higher dimension, up to some modifications such as a different choice of the regularization G,.

The thesis is structured as follows: the first two chapters are mainly based on [13] and [14];
we provide there, in the most concise way possible, all the tools related to probability theory
and stochastic integration in Hilbert spaces which will be needed later; we underline however



8 Introduction

that the approach we followed, treating weak solutions of (6), is in some aspects more similar
to the variational formulation of SPDEs, treated for example in [15], even if we never explicitly
use Gelfand triples. In Chapter 1 concepts such as Bochner integral and Gaussian measures
on Hilbert spaces are introduced and several results, like existence of conditional expectation
and properties of stochastic processes, are extended in this setting. Chapter 2 deals with the
construction of Wiener processes and stochastic integrals in Hilbert spaces and the proof of
classical results like Ito formula and Girsanov transform in this context. The last two chapters
are devoted to the study of the stochastic Leray-a model of Euler equations (6). Chapter 3 is
mainly based on [7]; global existence and uniqueness in law of Leray weak solutions (both in
the probabilistic and variational sense) is shown for any initial data v € L?(T;R?) and external
force field f € L?((0,T) x T; R?) satisfying some suitable conditions; moreover, continuity in law
with respect to vy and f is obtained. The strategy we followed, similar to the one employed in
other model of fluid dynamics like [16], is the following: we write model (6) in the correspondent
Fourier space, which gives an infinite system of coupled SDEs, and we find the correspondent
Ito formulation. Then we consider a linearised version of the system, for which we are able to
show existence and pathwise uniqueness of solutions; uniqueness is achieved by studying the
associated covariance matrices, which satisfy a closed system of ODEs for which a comparison
principle holds. Existence and uniqueness in law for the nonlinear system are then obtained by
a suitable Girsanov transform; continuous dependence in law on vy and f is shown by exploiting
the strong dependence on the same data of the linear system and the explicit densities provided
by the Girsanov tranform. Chapter 4 explores interesting features of the model, such as pathwise
regularity of the solutions and anomalous dissipation of energy. The results contained were ob-
tained in the final phase of the thesis project and for this reason might not always be conclusive;
future research on the model could lead to more detailed and satisfactory answers.

I want to express my gratitude to my thesis supervisor Prof. David Barbato, for guiding me
through this project and always being available to meet in the office for clarifications and stim-
ulating discussions. I'm deeply indebted to my family for having supported, both emotionally
and economically, my studies and decisions during my entire life; this thesis wouldn’t have seen
the light without them. Finally, I want to thank Laura for her infinite patience and willingness
to lend an ear every time I needed it.



Chapter 1

Foundations

1.1 Random variables and Bochner integral

In the following we will always, if not specified otherwise, consider the following setting:

(Q, F,P) denotes a standard probability space and (F,B(E)) is a measurable Banach space,
where B(FE) is the Borel o-algebra induced by the norm || - ||. E* denotes the topological dual of
E. i.e. the collection of all linear continuous functions from E to R.

If X is a random variable from (2, F,P) into (£, B), we will denote by £(X) the law of X,

LIX)(A):=Pwe: X(w)eA) VAeB
If X is a real valued random variable, then its integral [, X (w)dP(w) will be denoted by E[X].

Proposition 1.1. Let E be a separable Banach space. Then B(E) = o({¢ € E*}), or equiva-
lently B(F) is the smallest o-algebra generated by sets of the form

{reE:p) <a} peFE aeR (1.1)
Moreover, there exists a sequence {p, }neny C E* such that

|z|| = sup |gn(x)| for any x € E (1.2)
neN

Proof. Let us first show (1.2). Let {z,, },en be a dense set in E; by the Hahn-Banach theorem,
for each n there exists ¢, € E* such that ¢, (z,) = ||z,| and ||ps| = 1. We claim that {¢p}n
has the desired property. Fix x € E, then |¢,(z)| < ||z|| for each n and so sup,, |¢n(z)] < ||z|;
conversely, for any € > 0 there exists z,, such that |z —z,|| < € and so |¢n () — ||zn]|| < &, which
implies |¢n(z)| > ||z]] — 2e. By the arbitrariness of € we can conclude.
It follows from (1.2) that

Bla,r)={z € E: | —al| <r} = [{z € E:|pa(z) — pnla)] <1}
neN

Therefore the smallest o-algebra containing all sets of form (1.1) contains closed balls of E,
and thus contains B(E). Conversely, any ¢ : (F,B(E)) — (R,B(R)) in E* is continuous, thus
measurable, so B(F) contains all sets of the form (1.1). O

9



10 1. Foundations

Remark 1.2. It follows from the proposition that if E is a separable Banach space, then a map
X : Q — Fis an F-valued random variable if and only if o(X) : Q — R is a real random variable
for every ¢ € E*.

Corollary 1.3. Let E be a separable Banach space. The following hold:

(i) If X, Y : Q — E are random variables, o, € R, then aX + Y is a random variable.
(i) If X,, : Q@ — E is a sequence of random variables s.t. X,, — X P-a.s., then X is a r.v.
(iii) If X is a E-valued random variable, then || X|| is a real random variable.

Proof. (i) and (ii) follow immediately from Remark 1.2 and the fact that the statement holds
for real random variables; (iii) follows from the fact that || - || : E — R is continuous and so its
composition with a measurable map is still measurable. O

Remark 1.4. Part (ii) of the corollary can be weakened by only assuming that X,, — X P-a.s.
Moreover, we can use the corollary to strengthen the previous remark: in order to show that
X is measurable, it suffices that ¢(X) is measurable for every ¢ belonging to a linearly dense
subset of E*.

Lemma 1.5. Let E be a separable Banach space, X and Y two F-valued random variables.
Then X =Y P-as. if and only if, for all ¢ € E*, p(X) = ¢(Y) P-a.s.

Proof. Tt suffices to show that if X is an E-valued random variable such that, for all ¢ € E*,
o(X) =0 P-as., then X =0 P-a.s. Let {¢,} C E* satisfying (1.2), then ¢,(X) =0 P-a.s. and
so sup,, |en(X)| = || X|| = 0 P-a.s., which implies the conclusion. O

The next result shows that E-valued random variables can be suitably approximated by simple
functions, i.e. functions with a finite image. We state the result in full generality since it doesn’t
hold only for separable Banach spaces.

Lemma 1.6. Let (E, p) be a separable metric space and let X be an F-valued random variable.
Then there exists a sequence { X, },en of simple E-valued random variables such that, for any
w € Q, the sequence p(X (w), X, (w)) is monotonically decreasing to 0.

Proof. Let {x}}ren be a countable dense subset of E. For every n € N, w € € define
pn(w) = min{p(X (w),zx),k=1,...,n}

kin(w) = min{k < n: pp(w) = p(X(w), z)}
Xn(w> = Ty (w)

X, are simple random variables since X, (w) € {x1,2z2,...,2,}. Moreover, by the density of
{2k }ken, the sequence {p,(w)}nen is monotonically decreasing to 0 for arbitrary w.
Since pp(w) = p(X (w), Xy (w)), the conclusion follows. O

The previous lemma allows us to define the integral for an E-valued random variable on (2, F, P),
where F is a separable Banach space. The idea is to first define it for simple random variables,
then extend it to a larger class by approximation and show that the extension does not depend
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on the chosen approximating sequence.
For a simple random variable X,

X:in]lAi, Aje F,a;e E,N eN

we set
/X )dP(w /Xd]P’ _sz

Here 14 denotes the indicator function of A. The deﬁnltlon does not depend on the choice of
the particular representation of X; moreover the usual properties of additivity and linearity of
the integral hold and

)P -

N N
S ab(a)| < Y lelP(a) = [ IX@IaPe) (03
i=1 i=1 Q

Definition 1.7. A random variable X is said to be Bochner integrable if

/ 1 ()| dP(w) < o0 (1.4)
Q

Note that || X || is a real random variable, so the above integral is defined as usual.
Let X be Bochner integrable; by the previous lemma there exists a sequence {X,} of simple
random variables such that || X (w) — Xp(w)| | 0 for all w in Q. It follows that

/X P — /X dIPH /HX — X | dP(w /\X XHdIP’+/HX Xop|ldP — 0

as m, n — 0o, by monotone convergence theorem. Therefore fQ X,dP is a Cauchy sequence and
it must admit limit in F; we define the integral of X as

/X )dP(w) := lim X (w)dP(w)

n—oo

The limit does not depend on the sequence X,,. In fact, if X,,, )Z'n are sequences of simple random
variables such that [, | X — X,||dP, [, [|X — X, ||dP — 0, then

/X dP — /X dIP’H /yx _ X, [|dP(w /yx Xudm/ 1X = Xl dP = 0

and so the sequences fQ X, dP, fQ )?ndIP) have the same limit.

Definition 1.8. Given a Bochner integrable random variable X, the quantity fQ XdP is called
Bochner integral of X and is also denoted by E[X].

Bochner integral enjoys many properties of the Lebesgue integral. In particular it follows by
approximation that linearity and estimate (1.3) hold for all random variables satisfying (1.4).
We use the same notation for both integrals. Here are some other useful properties of the integral;
we omit the proofs as they can be immediately adapted from the standard ones.
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Proposition 1.9. Let X be a random variable in (2, F,P) with values in a measurable space
(G,G) and p be its law. If 1) is a measurable mapping from (G, G) into (E, B(E)) integrable with

respect to u, then
~ [ vla)dua
G

Theorem 1.10 (Fubini-Tonelli). Let (21, F1,P1), (2, F2,P2) be two probability spaces and
let (Q1 x Qo, F1 ® F2,P; ® Py) be their product space. If E is a separable Banach space and
X : Q1 X Q9 — FE is a Bochner integrable random variable:

[ I wn)ld@r o Pa)erwn) < o
Ql XQz
then, for Py-a.e. wy, the map wy — X (w1, ws) is measurable and Bochner integrable and
/ X(W]_,WQ)d(P]_ ®P2)(UJ1,W2) = / X(W]_,(J.}Q)d]P)Q(WQ)dP]_(UJ]_)
Q1 xQo Q1 JQ

Recall that a linear operator A : D(A) — F, where D(A) is a linear subspace of E, is closed
if for any sequence {zy}neny C D(A) such that z, — = in E and Az, — y in F, it holds that
xz € D(A) and Az = y. Equivalently, A is closed if its graph

graph(A) = {(z,y) e Ex F :x € D(A),y = Az}

is closed in the product space F x F. Moreover, D(A) endowed with the graph norm of A,
llz||a := ||z||E + ||Az||F, is a Banach space.

Theorem 1.11 (Hille). Let E and F' be separable Banach spaces and A : D(A) — F be a
closed operator such that its domain D(A) is a Borel subset of E. If X : Q@ — E is a random
variable such that X (w) € D(A) for P-almost every w, then AX is an F-valued random variable,
and X is a D(A)-valued random variable, where D(A) is endowed with the graph norm of A. If
moreover X is Bochner integrable and

/QHAX(CU)HFdP(w) <o (1.5)

then

/ X (w)dP(w / AX (w)dP(w) (1.6)

Proof. We only prove the last statement. By Lemma 1.6, there exists a sequence {Xp,},en of
simple D(A)-valued random variables s.t. [|[X — Xp|pa) = [X — Xullg + [|[AX — AX,[|F | O.
Consequently

LX) =X i) = [ 1K)~ X @)lsdPe)+ | [AX ()= AX, () |dP(w) =0
as well. Then

/QXn(w)dIP’(w) —>/QX(w)dIP’(w), /QAXn(w)dIF’(w) —>/QAX(w)dP(w)
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But
/AXn(w)dIF’(w) :A/ Xp(w)dP(w)
Q Q

from the very definition of the integral, and therefore, by the closedness of A,
/ AX (w)dP(w) = A / X (w)dP(w)
Q Q
O]

Remark 1.12. It follows immediately that if X is Bochner integrable and ¢ € L(E, F'), then

cp(/QXdIP’) :/Qgp(X)d]P’

In particular, E[X] is characterized as the unique element x € E such that
p(x) = Elp(X)] Ve e E

Similarly to the real case, we can define LP spaces on F, usually called Bochner spaces.

We denote by L'(Q, F,P; E) the set of all equivalence classes of E-valued integrable random
variables (with respect to the equivalence relation X ~Y < X =Y P-almost surely). It can be
checked that, similarly to the real case, L'(Q, F,P; E) equipped with the norm || X||; = E[||X||],
is a Banach space. In the same way one can define LP(Q2, F,P; E) for any p > 1, with norm

1
E[ll X717 if p e (1,+00)
X1l = ess.sup || X (w)]] if p=o0
weN

If (2,F)=((a,b),B(a,b)) and P is the Lebesgue measure on (a, b), we write LP(a, b; E).

The following result generalizes the one regarding existence and uniqueness of conditional expec-

tation for real random variables.

Theorem 1.13. Let E be a separable Banach space. Let X be a Bochner integrable E-valued
random variable defined on (€2, F,P) and let G be a sub-o-algebra of F. The there exists a unique,
up to a zero measure set, integrable E-valued random variable Z, measurable with respect to G
such that

/XdP:/ZdP VAEG (1.7)
A A

The random variable Z will be denoted as E[X|G] and called the conditional expectation of
X given G.

Proof. We first show uniqueness. Assume that there exist two random variables Z and Z with
the required properties. Then for any ¢ € E*, using Remark 1.12 and property (1.7), we get

/Ago(Z)d[F’:<p</AZdP>:<p</AXdP>:/Atp(X)dP VAecg
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An analogue equation holds for Z; so ¢(Z) = E[p(X)|G] = ¢(Z) P-a.s., because the result is

true for real random variables. But then we conclude that Z = Z P-a.s. by Lemma 1.5.
We now prove existence. If X is a simple r.v., say X = Z;”:l z;14;, then one defines

Z =) zP(4|9)
j=1

where IP(A4;|G) represents the classical notion of the conditional expectation of A; given G.
Z fulfills (1.7) and moreover

E[I1ZIl] < Y Elllz;IIP(A;19)] = Y llzlIP(A;) = E[IX]]
j=1 J=1
For general X, let {X,,} be the sequence defined in Lemma 1.6 and Z,, = E[X,,|G]. Then
E[l|Zn — Znll] < E[|Xn — Xmll] = 0 asn,m — oo

Therefore {Z,,} is a Cauchy sequence in L' and there exists a G-measurable random variable Z
to which it converges. Moreover, for arbitrary A € G,

/anIP’_/Xnd}P’ Vn € N
A A

and taking the limit as n — oo we get (1.7). O
Remark 1.14. It follows from the proof that Z = E[X|G] is uniquely characterized by
o(Z) =E[p(X)|g] Ve E (1.8)

In particular it suffices to check such relation for a linearly dense subset of E*. Moreover, as a
consequence of the proof, we have the basic inequality

IE[X[G]I < Ef|X[9] (1.9)
The following result regarding conditional expectation will be useful later on.

Proposition 1.15. Let (E1,&1) and (Eg,&2) be two measurable spaces and ¢ : Ey X Fy — R
a bounded measurable function. Let &, & be two random variables in (2, F,P) with values
in (E1,&1) and (Fa, &) respectively, and let G C F be a fixed o-algebra. Assume that & is
G-measurable, then there is a bounded &£ ® G-measurable function ﬁ(xl,w), 1 € B, w € Q
such that

E[(&1,£)|0)(w) = d(&(w),w), weQ (1.10)

Moreover if & is independent of G, then

d(a1,w) = d(a1) = El(a1,&)], =1 € By (1.11)
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Proof. Assume first that ¢ (z1, z2) = ¥1(x1)2(x2), where ¢; : E; — R are bounded measurable
functions. Then

E[y(&1,82)19] = E[Y1(£)12(£2)IG] = ¥1(§1)E[¢2(22)|G]
and it is enough to set R
Y(x1,w) = 1(21)E2(22)|G](w)

Denote by Gy the family of all sets I' € & ® & such that the representation (1.10) holds for
1 = 1p, and by K the family of all sets I' = I'y x I'y where I'y € &, I'y € &. Then K is a 7-
system, G is a d-system and L C Gy, therefore by Dynkin’s lemma (1.10) holds for all " € & ®&s.
Consequently the result is true for all measurable simple functions ¢ and by approximation it
can be extended to all bounded measurable 1. The proof of the representation (1.11) when & is
independent of G is similar. O

Remark 1.16. If X and Y are square integrable random variables on a probability space
(Q, F,P) taking values in a separable Hilbert space H, then (X,Y) is an integrable real ran-
dom variable, since

E[I(X, )] < E[IXIHY(] < E[IXIP]2E[Y ()2 < oo
If Y is G-measurable, G C F, then
E[(X,Y)[g] = (E[X|F],Y) (1.12)
In fact, given an orthonormal basis {e,}, of H, it holds

E[(X, Y)Ig] = [Z<X en) (Ven)|G] = DOEIX, ) G1(Y, en)

= (E[X[F], en) (Y, en) = (E[X|G],Y)

n

where the exchange between the series and conditional expectation is legit since the series is
convergent in L'(Q, F,P;R) and we used Remark 1.14.

In the case of random variables taking values in a separable Hilbert space H, it’s also possible

to define the covariance operator of X.

Definition 1.17. If X,Y € L?(Q, F,P; H), we define the correlation operator of (X,Y) and
the covariance operator of X respectively as

Cor(X,Y)=E[(X —E[X])® (Y —E[Y])]
Cov(X) = Cor(X, X) = E[(X — E[X]) ® (X — E[X])]
The definition is well posed since for any hq, ho € H we have

|Cor(X,Y) (h1, ho)| = |E[(X —E[X], h1)(Y —E[Y], ha)]|
< hallllr2l E[IX - EX]|[Y - E[Y]]]
< [l [lllP2 | E[IX — E[XTI)2E[]Y — E[Y]|*]/?
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Therefore Cor(X,Y) is a continuous bilinear form and by Riesz theorem can be identified with a
linear functional from H to itself; whenever it’s convenient we will use one identification or the
other without specifying. In particular Cov(X) is symmetric and nonnegative:

COV(X)(hl, hz) = COV(X)(hQ, hl) COV(X)(hl, h1> >0 Vhl, ho € H

Moreover Cov(X) is a nuclear operator (see the appendix for the definition): given an orthonor-
mal basis {eg }reny of H, we have

> Cov(X)(epser) = Y E[X —E[X], ex)’] = E[|X — E[X]|]*] < o0
k=1 k=1

Remark 1.18. If we identify Cor(X,Y’) with the linear operator from H to itself given by
Cor(X,Y)(h) = E[(X — E[X]){Y — E[Y], 1)
so that, with some abuse of notation, we can write
Cor(X,Y)(h1,h2) = (h1,Cor(X,Y)hs)

then for any A € L(H,U),B € L(H,U), where U is another separable Hilbert space, denoting
by B* the adjoint operator of B, it holds

Cor(AX,BY) = ACor(X,Y)B* (1.13)
since for any w1, us € U we have

(ui,Cor(AX, BY Jug) = E[(AX — AE[X], u1)(BY — BE[Y], u2)]
=E[(X — E[X], A*u1)(Y — E[Y], B*u2)]
= (A%uq1, Cor(X,Y)B*ug) = (u1, A Cor(X,Y)B*ug)

1.2 Gaussian measures on Hilbert spaces

In this section we restrict ourselves to che case of a separable Hilbert space H. Before introducing
the concept of Gaussian measure, we need some general concepts on probability distributions.

Definition 1.19. Let p be a probability measure on (H,B(H)). The characteristic function
of p is defined as

i) = o) = [ (o). ne (1.14)
Definition 1.20. A cylindrical set of H is a set of the form
{r e H:((h1,z),...,{hy,z)) €T}
for some hq,...,hy, € H and I" € B(R").

Cylindrical sets form a m-system and by Proposition 1.1 they generate B(H ), so if two measures
coincide on cylindrical sets then by Dynkin’s lemma they are equal.
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Proposition 1.21. Assume that M is a linear subspace of H which generates B(H).

(i) If p and v are probability measures such that ¢, (h) = ¢, (h) for all h € M, then p = v.
(ii) If X and Y are two H-valued random variables such that L((h, X)) = L((h,Y)) for all
h € M, then £L(X) = L(Y).

Proof. 1t suffices to show (i). Fix hy,...,h, in M, A ...\, in R. By the hypothesis we have

/6i(/\1h1+...+)\nhn,x>du($):/ 6i(/\1h1+...+)\nhn,x>dy(x)
H H

This implies that the R™-valued mapping = — ((h1,z),..., (h,,)) maps measures p and v
onto measures 1 and v on (R, B(R™)) with identical characteristic functions. So i = v by the
analogue finite dimensional result. But then p and v are equal on the m-system of all cylindrical
sets generated by M, so u = v on B(H). O

Recall that a probability measure p on R is Gaussian with mean m € R and variance ¢ > 0 if
and only if its characteristic function is given by
. A2
u(A) = en=e!

Similarly, a probability measure g on R™ is Gaussian with mean m € R"™ and variance Q,
Q@ € R™"™ being symmetric and nonnegative, if and only if its characteristic function is given by

@A) = eiPm =z (@)

Moreover, if p is a Gaussian measure on R", then for any A € R" the pushforward measure of
the function z — (A, z) is still Gaussian. This motivates the following definition.

Definition 1.22. A probability measure pon (H, B(H)) is a Gaussian measure if for every h €
H the map (h,-), considered as a real random variable on (E, B(E), i), is Gaussian distributed.
If in addition every (h,-) has symmetric (zero mean) Gaussian distribution, then pu is called a
symmetric Gaussian measure. An H-valued random variable X is a Gaussian random
variable if £(X) is Gaussian; equivalently, X is Gaussian distributed if and only if (h, X) is a
real Gaussian random variable for all h € H.

Remark 1.23. It follows immediately from the definition that if X and Y are H-valued in-
dependent Gaussian random variables, then X + Y and is Gaussian as well. Moreover, if U is
another separable Hilbert space and T' € L(H,U), then T'(X) is Gaussian distributed.

If i is Gaussian, the following functionals are well defined:

B /H (h2)dp(z)  (hi, o) /H (e, 2) (o, 2)dps(x)

In order to show that they are continuous we need the following general lemma.
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Lemma 1.24. Let v be a probability measure on (H,B(H)). Assume that for some k € N
/H [z, x)[Fdv(z) <00 VzeEH
Then there exists a constant C' > 0 such that
[ .2 ivta)

Proof. Define for any n € N the set

Uy, = {z €H: /H [(z, z)|Fdv(z) < n}

< Clhaf---|hg| Vha,....hn € H

By hypothesis H = |J,, U,, and the U,, are closed sets. Therefore by the Baire category theorem
there exists ng € N such that Uy, has nonempty interior; in particular, there exist 2y € Uy, and
ro > 0 such that B(zo,79) C Uy,. Hence

[ Vo olfdv(@) < na vy € BOT)
H
By the standard inequality |a + b|* < 2¥~1(|a|* 4 |b|¥), for a, b real numbers, for y € B(0, ()

[ N eav(a) < 2 / (G20 + > ) + (20, 2) [F) () < 2o
H H

So for all z # 0 we can apply the previous inequality to y = r9z/|z| to obtain

/ (2, 2)|*dv(z) < 2Fngrg*|z|*
H
By the elementary inequality
]al---akl < ]al\k +...+ ‘Ozk‘k V(al,...,ak) e RF
it follows that the map
(hl,...,hk)»—>/<h1,x>---<hk,x>du(:v)
H
is continuous; since it’s k-linear, the conclusion follows. O

It follows from the lemma and Riesz theorem that if y is Gaussian, then there exist m € H and
Q € L(H, H) such that

/ (na)du(w) = (hm) [ (e = mha, o = m)du(e) = (Qh o)
H H

The vector m is the mean and the operator @ is the covariance of u. It’s clear that @ is
symmetric and nonnegative; by the definition of Gaussian measure, we have

ou(h) = P =3 @Iy e g

Therefore by Proposition 1.21 the measure p is uniquely determined by m and @); it’s denoted
by N(m, Q). p is a symmetric Gaussian measure if and only if m = 0; without loss of generality
from now on we will always work with symmetric Gaussian measures.



1.2 Gaussian measures on Hilbert spaces 19

Proposition 1.25. Let u ~ N (0,Q). Then @ has finite trace.

Proof. Consider the characteristic function of u, p(h) = [ eh@) dp(z) = e~(QMM/2 For arbi-
trary ¢ > 0 we have

1= () = [ (1= cos(h,))du(a)

<5/ () 2 € B ] > )

<3
< 3 (@ch, )+ 2u({z € H : [z] > c})

where Q). is the continuous linear operator defined by
Q= [ alh)dula)
|z|<c

Q). is symmetric, nonnegative and nuclear since for any {e,} orthonormal basis of H we have

Z(chn,en> = Z/mg(:(em@?d,u(x) = /|$|§,; lz2dp(x) < ¢

n

To show that () has finite trace, it suffices to show that there exist § > 0 and ¢ > 0 such that
VheH, (Qch,hy <1= (Qh,h) < (1.15)
In fact, by applying it to h = h(Q.h, h)~1/2 we obtain (Qh, h) < B(Q.h, h) and so
Tr(Q) < B Tr(Q.) < oo
Recall that we have

1— e 2(@M < (Qoh,h) +2u({x € H : 2| > c})

N =

Therefore, if (Q.h,h) < 1, we obtain

-1
e2(Qhh) < <% —2u({z € H: |z| > c}))

In particular (1.15) holds once we take c sufficiently big such that u({z € H : |z| > ¢}) <  and

the proof is concluded. O

It follows that if X is an H-valued random variable, X ~ N(0,Q), then Tr(Q) = E[| X |?] and the
covariance operator () coincides with the one defined at the end of the previous section. Since
@ is a symmetric, nonnegative nuclear operator (therefore compact), by the spectral theorem
there exists an orthonormal basis {ey }ren of eigenvectors of @), with corresponding nonnegative
eigenvalues {\ }x. Moreover

Tr(Q) = Z A < 00
k=1

For any = € H, set xp = (x, ex); then {x}x is a sequence of indipendent real random variables,
xp ~ N(0, \g), since they are jointly Gaussian and uncorrelated by the orthogonality of {ex}.
We can use this information to obtain better estimates on p, as the next proposition shows.



20 1. Foundations

Proposition 1.26. Let u = N(0,Q). If s < (2TrQ) ™!, then

sl gy () < b
/He uiw) < v1—2sTrQ

Proof. Fix s < (2TrQ)~! and set

Lo(s) = / & T v (o)
H

Since 21, ..., 2, are independent and x; ~ N (0, \;) we have

1(s) =] / o du(r) = [ e [ (2 ay

Since 2s\; < 1 foralli=1,...,n, we have
n n
JJ—2s0) >1-2s) A
i=1 i=1

The inequality is certainly true for s < 0; if 0 < 2s); < 1, it follows from an induction argument.
Thus

1
In(s) < =
V1I—=2sY0 N
By letting n — oo we obtain the conclusion. O

Remark 1.27. It follows from the proposition that p admits moments of any order, namely
/ lz/*dp(z) < 0o Yk eN
H

Up to now we have studied properties that Gaussian measures must satisfy, assuming they exist,
but we haven’t addressed the problem of their existence. The following result shows how to
construct Gaussian measures starting from their covariance operator.

Proposition 1.28. Let @ be a positive, symmetric, trace class operator in H and let m € H.
Then there exists a Gaussian measure in H with mean m and covariance Q).

Proof. Let {&,} be a sequence of independent N(0, 1) real variables. Set
€:m+z \/)\nfnen (116)
n=1

The series is convergent in L? since

E[(f}l @ﬁnﬂ - nizxn ~TH(Q) < 0
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Fix h € H, then

E [ei<h’€)} = ¢ilhm) nILHgOE[eXp (Z i VA (h, €j>)}

Jj=1

—oxp (ilhom) = 5 3 Aj{he? ) = it bi@nn

j=1

Thus ¢ is Gaussian distributed, E[¢{] = m and

<COV Z \/7§j 6]) Z \/7§k ekv Z)\] (3], €],y> = <Q$)y>
7j=1

for all x,y € H. Thus L(£) = N (m, Q). O

Proposition 1.29. Let u = N(0,Q), then for every m € N there exists a constant C), s.t.

/m%mwgamww
H

Proof. Using the same notation from the previous proposition,

/mew =E (Z)ﬁﬁ

Z\F@ey

Z Ny NGB L8] < (ZA)
J15-dm

where C':= sup;, . E| 32‘1 . ffm] is finite by Cauchy-Schwartz inequality. O

1.3 Stochastic processes

In this section we are going to recall some standard results in the theory of stochastic processes,
as well as give some extensions in the Banach-valued case. As before, we consider a separable
Banach space E, its Borel o-algebra B(FE) and a probability space (2, F,P).

Definition 1.30. Let I be an interval of R, An F-valued stochastic process is a family
X = {X(t) }4er of E-valued random variables X (t) defined on Q. We also say that X (¢) is a
stochastic process on I. We set X (t,w) = X(t)(w) for all t € I and w € Q. Functions X (-,w)
are called the trajectories of X (t). X is continuous if its trajectories X (-,w) are continuous
for P-a.e. w; X is a-Holder continuous if its trajectories X (-,w) are a-Holder continuous for
P-a.e. w.

Definition 1.31. A stochastic process Y is a modification of X if
P(X(t)#AY(t) =0 Vtel

An important result on the existence of regular modifications is the following theorem.
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Theorem 1.32 (Kolmogorov Continuity Criterion). Let X (t), ¢ € [0, 7], be a stochastic process
with values in a complete metric space (E, p) such that for some constants C' > 0, e > 0, 6 > 1
and all ¢,s € [0, 7],

E[p(X (1), X (s))’] < Ot — s|'**

Then there exists a modification of X which is a-Holder continuous for any o < £/§. In particular,
X has a continuous modification.

Proof. Without loss of generality we can assume 7' = 1. Note that the X is stochastically
uniformly continuous, in the sense that for any 8 > 0

P(p(X (1), X (5)) > B) < B°E[p(X(t), X(5))°] < CB°[t — o'+ (1.17)
Let 0 <~y <e¢/d. By (1.17), for k=1,...,2", n €N,
P(p(X (k27"), X ((k —1)27")) > 27"7) < c27"(HHe=70)

and therefore

Since Y, 27779 < oo, by Borel-Cantelli lemma there exists a set Qe F, P)=1anda
random variable N (w), w € Q, taking values in N, such that for w €  and n > N(w),

[max p(X(K27), X((k —1)27") <27 (1.18)

Let -
D,={k2":0<k<2'-1}, D=|] Dy
n=1

TL1€5277  with g; =0 or 1.
Now let m > n > N(w) and t = k27", s =127, 0 <1 < k < 2™ be such that t — s < 27",
Then

Any x = k27" has a unique representation of the form z =

m
t—s=(k—-10)2""= Z €j2_j with e; =0 or 1

j=n+1
Consequently, by (1.18),
m—1 '
p(X(5), X(8) < p(X(5), X (s + 2127 ) 4 p(X(s+ 3 2,279), X(1)
j=n+1
1
< 9=Vt o —ym ~ 9—y(n+1)
<2 27 <2 e

Selecting n such that 27"~! <t — s < 27" one gets

(t—s)
1—277

p(X (1), X(s)) < (1.19)
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Therefore X (t,w), t € D, is a uniformly continuous function on D and has unique extension to
a continuous function X (t,w), t € [0,1]. Set X(t,w) = 0 for t € [0,1] and w ¢ Q. Stochastic
continuity implies that the process X is a modification of X and inequality (1.19) implies that
trajectories of X are ~v-Holder continuous. O

Let us assume that I = [0,7] or [0,+00) and that we are given a filtered probability space
(Q,{F:}, F,P). We will always assume to be working with a normal filtration, i.e. complete
and right-continuous. {F;} is complete if Fj contains all A € F such that P(4) = 0; it’s
right-continuous if F; = Mgt Fs for all ¢t € 1.

Definition 1.33. An E-valued process X is adapted to the filtration if X (¢) is Fi-measurable
for every t € I. X is progressively measurable if for every t € I the mapping [0,t] x Q — E,
(s,w) — X(s,w), is (B([0,t]) ® F;)-measurable.

Definition 1.34. An FE-valued process X is a martingale if it is integrable, adapted to the
filtration {F; }ter and for any s,t € I, s < t, E[X(¢)|Fs] = X (s).

Remark 1.35. It follows from the properties of conditional expectation that X is a martingale
if and only if it is an integrable process and ¢(X) is a real martingale for all p € E*.

Proposition 1.36. The following hold.

i) If M(t) is a martingale, then ||[M (¢)]| is a submartingale.
ii) If g is an increasing convex function from [0,+o00) to itself and E[g(||M(t)]])] < oo for
t € [0,T7], then g(||M(¢)||) is a submartingale.

Proof. 1) By the basic inequality of conditional expectation, see Remark 1.14, we have
1M (s)|| = E[M (@) F]l < E[IM@)|Fs] Vs <t

ii) Using the fact that g is increasing and Jensen inequality, together with the fact that || M (¢)]|
is a submartingale, we have

g(IM(s)[) < g(BIIM (B)[[Fs]) < Elg(|M (#)]])]
O

As an immediate consequence of the proposition and the maximal inequalities for real valued
submartingales, we have the following result.

Theorem 1.37 (Doob’s maximal inequalities). The following hold.

i) If M(t), t € I, is an H-valued martingale, I a countable set and p > 1, then for any A > 0
P (sup 130 > A) < APsup E[IM 0
tel tel
ii) If in addition p > 1, then

e fsup 120 | < (25 sup (i)
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iii) The above estimates remain true if the set I is uncountable and the martingale M is
continuous.

We now consider a separable Hilbert space H. Let us fix T > 0 and denote by M2 (H) the space
of all H-valued, continuous, square integrable martingales M such that M (0) = 0. We are going
to show that M2 (H) is an Hilbert space.

Proposition 1.38. The space M2 (H), equipped with the inner product
(M, N) 2y = E[(M(T), N(T)) 1] (1.20)
is a Hilbert space.

Proof. 1t is immediate to check that (M, N) M2 (H) defines an inner product. In particular, if
(M, M)MQT(H) = 0 then by point (i) of Theorem 1.37 we have supjy 1 [[M(t)[| = 0 P-a.s. Now
assume that {M,,} is a Cauchy sequence, i.e.

E[||Mn(T) — My, (T)||*] = 0 as m,n — oo

Then by part (ii) of Theorem 1.37, applied to the martingales M,, — M,,, we must also have

E | sup ||My(t) — My, (t)]*| — 0 as m,n — oo
t€[0,T]

So we can find a subsequence {M,, } such that

P( sup [ Moy, (1) — Moy (1)) = 2k> <ot
te[0,T

Then Borel-Cantelli lemma implies that {M,,, } converges uniformly P-a.s. to a process M(t),
t € [0,T]. So M is a continuous process and M (0) = 0. It’s clear that, for any ¢, the sequence
{M,, (t)} converges to M(t) in the mean square. If 0 < s <¢ <T and k € N then

E[Mp,, () Fs] = M, (s)

and letting k — oo we obtain that M is a martingale as well. So M € MZ2(H) and M,, — M in
ME(H). O

Remark 1.39. Similarly to the case of real, square integrable martingales, using Remark 1.16
it’s immediate to check that for any s <t

E[| M (t) — M(s)|*|Fs] = E[IM (0 1*1Fs] - M (s)]I?

and in particular
E[|M(t) — M (s)[1%] = E[|M (#)]|* — |1M (s)|?]

Recall that if M € MZ(R), then there exists a unique increasing predictable process [M](t),
starting from 0, called the quadratic variation of M, such that the process

MQ(t) - [M](t)v te [OvT]
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is a continuous martingale. We are now going to define the quadratic variation process for
M € MZ2(H). Denote by Li(H) the space of all nuclear operators on H, equipped with the
nuclear norm. Then L; = L;(H) is a separable Banach space and for each a,b € H the mapping
T — (T'a,b) is a continuous functional on Lj. An L;-valued process V (-) is said to be increasing
if the operators V(t), t € [0,T], are nonnegative and V(s) < V(t) if 0 <s <t <T.

Definition 1.40. Let M € MQT(H) An Li-valued continuous, adapted and increasing process
V such that V(0) = 0 is said to be the quadratic variation process of M if for any a,b € H
the process

<M(t>7 a’> <M(t)7 b> - <V(t)a’7 b>7 te [07 T]

is an Fy-martingale, or equivalently if and only if the Li-valued process
M) M(t)—V(t), tel0,T]
is an Fi-martingale.
We now show existence and uniqueness of the process V(-), which will be denoted by [M](t).

Proposition 1.41. An arbitrary M € M%(H ) has exactly one quadratic variation process.
Moreover, for any ¢ € [0,7] and for any sequence of subdivisions A,[0,¢] of the interval [0, ]
such that [A,[0,]] — 0, where |Ay[0,t]| = supy_y _n, [tk — tk—1/, the following convergence in
probability takes place in Lq:

Nn

D (M (t) = M(tr-1)) ® (M(tx) — M (tg-1)) — [M](t) (1.21)
k=1

Sketch of proof. The proof is basically an adaptation of the standard one for real valued martin-
gales, which can be found for example in [17], Theorem 5.14 and Exercise 5.15, p. 147. Therefore
we omit the complete proof and we only show how the process [M] can be represented. Let {e;}
be an orthonormal basis of H. Then the processes M;(t) = (M(t), e;), are continuous real square
integrable martingales. Note that

o0 o0
B| Y1) = B[ S (0w, 7] = BME) < o0
i=1 i=1
Consequently the sum is convergent P-a.s. and the formula

[M](t) = i [M;, M;)(t) e; @ e, te[0,T) (1.22)

ij=1
defines an L;(H)-valued adapted process. It is easy to see that, for any a,b € H,
(M(t),a)(M(t),b) — ([M](t)a,b)

is a continuous martingale. Moreover [M](t) is P-a.s. a nonnegative operator. One can also show
that the constructed process is Lj(H )-continuous and that convergence (1.21) takes place. [
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Remark 1.42. It follows from the proof that
o
M7 = Te((M]) = (M7 ~
i=1
is a martingale as well, i.e. [||[M|?] = Tr([M]).

In a similar way, one can define the cross quadratic variation for M € M2(U), N € M4 (H)
where U and H are two separable Hilbert spaces. Namely we define

o0

[M,N](t) == ) [My, Nj](t) e; © f

ij=1

where {e;} and {f;} are orthonormal bases in U and H respectively. Taking a sequence of
subdivisions A, [0, t] as above, we still have the following convergence in probability in Li(H,U):

Ny

D (M(tr) = M(tg-1)) ® (N(tx) = N(tg—1)) — [M, N](t)
k=1

If M and N take values on the same Hilbert space H, then taking the trace we also obtain that
(M,N) — Tr ([M, N]) is a martingale, [(M, N)] = Tr ([M, N]).

Remark 1.43. For any fixed ¢, we can identify the bilinear operator [M, N|(¢) with the element
of L(H,U) given by
(M, N](t)(h) = [M, (N, h)](t)

Similarly to Remark 1.18, it can be shown that for any A € L(U, 17) and B € L(H, ﬁ) it holds
[AM, BN|(t) = A[M, N](t)B*

The following results are direct generalizations of the analogue statements for real martingales.

Proposition 1.44. The following hold.

i) If M € M2(H), and [M] =0 on [0,T], then P-a.s. M =0 on [0, T].
ii) If M' € MZ(H;y), M? € M2 (H>) are independent martingales, then [M!, M?] = 0.

Theorem 1.45 (Davis inequality). If M € M2(H), then

E

sup || Mt >||] < 3E | (Tx[M)(T))"/?]
t€[0,T]

Definition 1.46. A function f:[0,7] — H is said of bounded variation if

Sup{ZHf Fti)ll IneN, 0=ty < t; < .. <tn:T}<oo

An H-valued process X is said a bounded variation process if its trajectories have bounded
variation P-a.s.
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Definition 1.47. An H-valued process X is a continuous semimartingale if it continuous,
adapted and it can be written as X (t) = M (t)+ A(t), where M € MZ(H) and A is a continuous
adapted process of bounded variation.

Remark 1.48. It follows immediately from point i) of Proposition 1.44 that the decomposition
X = M + A is unique.

We can extend the definition of the quadratic variation process to continuous semimartingales
X = M + A by setting [X] = [M]; in particular, the quadratic variation is still uniquely
determined as the limit in probability of sequences of the form (1.21). Analogue definitions and
statements hold for the cross quadratic variation of two continuous semimartingales.

Definition 1.49. An H-valued stochastic process X is said to be Gaussian if for any n € N
and for any positive numbers t1,...,t,, the H"-valued random variable (X (¢1),...,X(¢,)) is
Gaussian.

Proposition 1.50. Let X be a Gaussian process on H. Assume that E(X(¢)) =0, ¢t > 0, and
that there exist M > 0 and v € (0, 1] such that

E[|X(t) — X(s)])] < M|t —s]7 Vit,s>0 (1.23)
Then X has an a-Holder continuous modification for any « € (0,7/2).
Proof. From (1.23) and Proposition 1.29 it follows that

E[IX(f) ~ X(s)P™] < CuE[IX(0) = X(s)]™ < Cult = sI™, V1,520

my—1
2m
Taking m — oo the conclusion follows. O

so, by the Kolmogorov test, X has an «,,-Holder continuous modification with «a,, =

Let X be a Gaussian process in a Hilbert space H. Let

and
B(t,s) = E[(X(t) —m(t)) ® (X(s) —m(s))], t,5=0

Definition 1.51. The process X is said to be stationary if

E ez‘zz:1<x<tk+r>,hk>} - F [eizz:1<X<tk>,hk>]
foralln € N, t1,...,t, € [0,400), hi,...,h, € H, and r € [0, 00).

Proposition 1.52. A Gaussian process X is stationary if and only if

i) m(t+7)=m(t), for all t,r > 0.
ii) B(t+r,s+r)=DB(t,s) for all t,s,r > 0.
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Proof. Letn € N, t1,...,t, € [0,00),&1,...,& € Handr > 0. Then ((X(¢1),&1), ..., (X(tn),&n))
is a Gaussian R"-valued random variable and

E[GXP (l i(X(tk)aéw)] = exp (izn:<m(tk)»fk> -1 Zn: (B(tk, th)&kafh>>
k=1 =1 2505

The same equation holds for ((X(t1 + r),&1),..., (X (tn +7),&,)) and therefore the conclusion
follows. s

Remark 1.53. It’s easy to see from the proof that the distribution of a Gaussian process is
uniquely determined by the functions m and B.



Chapter 2

Stochastic Analysis in Hilbert spaces

In this section we introduce Hilbert-valued Wiener processes and we construct the stochastic
integral with respect to them. We also discuss properties of the stochastic integral and we prove
results like Ito formula and Girsanov theorem.

2.1 Wiener processes in Hilbert spaces

Let U be a separable Hilbert space, Q € L(U) a symmetric, positive trace class operator. Then
there exists an orthonormal complete basis {ex} of eigenvectors of @ relative to the eigenvalues
{)\k}, /\k > 0, Tr Q = Ek )\k < Q.

Definition 2.1. A U-valued stochastic process W (t), t > 0, is called a Q-Wiener process if

(i) W(0) =0;
(i

i)
(iii) W has independent increments;
v)

(iv) LW (t) = W(s)) =N (0, (t = 5)Q), 0 < s <.

Remark 2.2. It follows immediately from the definition that, if W is a Q-Wiener process, than

W has continues trajectories;

for any u € U the process (W (t),u) is a real Brownian motion with
E[(W (1), u)?] = (tQu,u) = t|Q"/*u|®
In particular, if u is such that |Q'/?u| = 1, then (W (t), ) is a standard Brownian motion.

Definition 2.3. An U-valued process W on a filtered probability space (2, {F;}, F,P) is a Q-
Wiener process with respect to {F;} if W is a Q-Wiener process, it’s adapted to the filtration
and for any s < t, W(t) — W(s) is independent of F.

Proposition 2.4. Let W be a Q)-Wiener process, then it’s a Gaussian process on U with
E(W(t)) =0, Cov(W(t))=1tQ

Moreover, for any t > 0, W has the expansion
oo
= VBr(t)ex (2.1)
k=1

29
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where
B(t) = V%<W<t>,ek>, keN (2.2)

are real valued independent Brownian motions on (2, F,P) and the series in (2.2) is convergent

in L2(Q, F,P;U).

Proof. Let n € N, 0 <t; <...<t,and uy,...,u, € U. Let us consider Z defined by

Z = (W (ty),ur) Z (t1), up, +Z (t1)s ) + - oo+ (W (tn) — W(tn_1), up)
k=1 k=1

Since W has independent increments, Z is Gaussian for any choice of uy,...,u, and so W is a
Gaussian process. Let 0 < s < ¢, then by (2.1) it follows that

BIS:(1)55(5)] = ——=ELV (1), €) (W (5), )
i\
1
- MEKW(Sme(s),em
1

and so independence of 3; , ¢ € N follows. Observe that, for n < m,

2|3 Vi = > n
k=n k=n

where Y72, A < oo. Therefore the series in (2.1) is a Cauchy sequence in L?(2, F,P; U) which
converges pointwise to W (t), and the conclusion follows. O

Proposition 2.5. For any trace class, symmetric, nonnegative operator () on a separable Hilbert
space U there exists a Q-Wiener process W (t), t > 0.

Proof. The existence of a process W satisfying conditions (i), (iii) and (iv) of Definition 2.1 is a
consequence of the Kolmogorov extension theorem; alternatively, it can be shown constructively
by taking a family {fx}x of real standard independent Brownian motions and defining W as
n (2.1). Proposition 1.50 then guarantees the existence of a modification which is a-Holder
continuous for any a € (0, ). O

Theorem 2.6. Let W be a Q-Wiener process. Then the series (2.1) is P-a.s. uniformly conver-
gent on [0, 7] for arbitrary 7" > 0.

Proof. Consider the random variables & defined by
=V MBr(t)er, t€[0,T]

and the sequence Sy, (t) = Y1, &.(t). By Doob’s maximal inequality, for any & > 0

P(sup W (1) = Su(t)] > =) =P (sup\sz |5 ¢) < B[S lamP] = 5 3 M
k>n

t<T t<T =
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So, the sequence of C([0,T];U)-valued random variables \S,, converges in probability (w.r.t. to
the norm of C'([0,7];U)) to the Wiener process W. In order to show that it converges uniformly
P-a.s. to W, it suffices to show that the sequence S, is P-a.s. a Cauchy sequence. In particular,
it’s enough to show that, for any € > 0,

IP’(sup 1Sk — Sullcqo,r0y > 5) —0asn— o
k>n

Observe that the sequence {S,} is a C(]0,T]; U)-valued martingale w.r.t. the index n. Therefore
by applying again Doob’s maximal inequality we have

LT 2
P(ﬂilg;l 1Sk = Sulleqomu) > E) < B[S - SHHC([O,T];U)}
1 -
= SE[sup[Si(t) - S ()]
o]
l
4 1 4
< SE[ISUT) = Su(D] = 5> M

k=n

Taking | — co we obtain that for any ¢ > 0
4 oo
P(sup 1Sk — Sullcorin > €) < 5 D M
k2n € k=n
and the conclusion follows. O

Note that the quadratic variation of a Q-Wiener process in U is given by [W](t) = tQ, t > 0.
We have in fact the following generalization of Levy’s one dimensional result.

Theorem 2.7 (Levy’s theorem). A martingale M € M2 (U) is a Q-Wiener process on [0,7]]
with respect to the filtration {F;} if and only if [M](t) = tQ.

Proof. We only need to show that, if [M](t) = tQ, t > 0, then M is a Q-Wiener process with
respect to {F;}. Note that, for any k € N,the process My (t) = (M(t),ex) belongs to M2(R)
and [My](t) = ([M](t)ex,ex) = Axt. So by Levy’s theorem, Mj is a real Ai-Wiener process
with respect to the filtration {F;}. By the same argument, the finite dimensional processes
(Mi(t),..., My(t)) are Wiener processes with respect to {F;} with diagonal quadratic variation
Diag(A1,...,An). Consequently M can be written as

M(t) =YV uBr(b)er
k=1

where S (t) = ﬁMk (t) are normalized independent Wiener processes with respect to {F;} and

the conclusion follows. O
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Generalized Wiener processes

In this section we consider a fixed filtered probability space (2, {F:}, F,P); without specifying
each time, all Wiener processes considered are with respect to the filtration {F;}.

Let W(t), t > 0, be a @Q-Wiener process on a Hilbert space U. Then for each a € U we can
define a real valued Wiener process W, (t), t > 0, by the formula

Wa(t) = {(a, W(2))

The transformation a — W, is linear from U to the space MZ%(H), for any T € (0,+400);
moreover it is continuous, as for any sequence {a,} C U

an — ain U = E[|W,, (T) — Wy(T)|?] =0 (2.3)
This suggests the following extension of the definition of Wiener process.

Definition 2.8. Any linear transformation a — W, whose values are real valued Wiener pro-
cesses on [0, +00) satisfying property (2.3) is called a generalized Wiener process.

It follows from the definition that there exists a bilinear form K(a,b), a,b € U, such that
E[W,(6)Wy(s)] =t A s E[Wo(1)Wy(1)] =t As K(a,b), t,s>0, a,belU (2.4)

Condition (2.3) implies that K is a continuous bilinear form in U and therefore there exists
Q € L(U,U) such that

E[W,(t)Wp(s)] =t As (Qa,b), t,s>0, a,beU (2.5)
Observe that @ is symmetric and nonnegative.

Definition 2.9. The operator @) is the covariance of the generalized Wiener process a — W,.
If the covariance @ is the identity operator I, then the generalized Wiener process is called a
cylindrical Wiener process in U. The space U := QY 2(U), with the induced inner product
(a,b)g := <Q*1/2a, Q*1/2b>, is called the reproducing kernel of the generalized Wiener process
a— W,.

Lemma 2.10. For any symmetric and nonnegative operator Q € L(U,U) there exists a gener-
alized Wiener process with covariance Q).

Proof. Since @ is symmetric and nonnegative, it admits square root Q'/2 € L(U;U) (see [18],
Theorem 9.4-2, p.476). Let {ex} be an orthonormal basis of U, {f;} a sequence of independent
real valued standard Wiener processes. Define

o0

= Qe a)Bi(t), t>0,acU (2.6)

k=1
We claim that W, has the desired properties. Since

[e.e]

Z(QI/Q% a) Z (er, @2a)? = |Q"a)? < oo

k=1 k=1



2.1 Wiener processes in Hilbert spaces 33

the series defining W, is convergent in M2 (R) and so W, is a Wiener process for every a € U.
The same computation also shows that a — W, satisfies (2.3). Finally

E[W,(t)Wp(s)] = (t A s) Z (QY%ey, a)(QY?b,er) =t A s (QY2%a, QYD) =t A s (Qa,b)
k=1

and the result follows. O

Formula (2.6) seems to imply that we have W, = (W, a), with W given by

[e.o]

W(t)=>_ Q"%erBx(t)

k=1

which is fairly similar to (2.1). However @ is not a trace class operator and so the series above
is not convergent in L%(Q,P;U). The next proposition shows that we can still give meaning to
the above expression by suitably enlarging the space U.

Proposition 2.11. Let U; be a Hilbert space such that Uy = QY/2(U) is embedded into U; with
a Hilbert-Schmidt embedding J. Then the formula

o

W(t)=> QY2erfi(t), t>0 (2.7)

k=1

defines a U-valued Wiener process, by identifying Q'/2e;, € U with J (Ql/ 2e1,) € Uy. Moreover,
if 1 is the covariance of W, then the spaces Q}/ 2(U1) and Uy are identical, in the sense that
J: Uy — Qi/ 2(U1) gives an isometry between the two reproducing kernels.

Proof. The elements g, = Ql/ 2¢;, form an orthonormal basis of Up; since J is Hilbert-Schmidt

[e.9]

Z ]Jgk|(2]1 < 00
k=1

Consequently the series in (2.7) defines a Wiener process in U;. For a,b € U; we have
<Q1a7b>U1 = E[<W(1)7G>U1< Z Jgka a)u, Jgk7b>
k=1
= g T a) vy (gi> T*b)vy = (J*a, J*b)u, = (J T a, b,
k=1

Consequently, 1 = JJ*. In particular

Q\ aly, = (Qua,a)y, = (J*a, T a)y, = | T*al?,

Thus by Proposition B.4, applied to the operators Q'/2 : U; — Uy and J : Uy — Uj, we have
1/2(U1) J(Up) and |Ql_1/2u|U1 = |u|y,, as required. O
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Thus, with some abuse of language we can say that any generalized Wiener process on U is a
classical Wiener process in some larger Hilbert space U;. There is no canonical way to define
the extension Uj, but reproducing kernels related to all these extensions are the same, which in
a sense means that such extension is unique.

To complete the picture we will now show that any generalized Wiener process is of the form
(2.7). Without loss of generality, we can assume @ to be nondegenerate; therefore Q/2(U) is
dense in U: if z € U is such that (z,QY/?u) = 0 for every u, then (Q'/2z,u) = 0 and so = 0.
Now let {f;} be an orthonormal basis of U and set

V = Span({QY2f;})

Then V is a dense subspace of U; by applying the orthogonalization procedure to {Ql/ 2 fi}, we
can obtain an orthonormal basis {e;,} of U. Note that Span({ex}) =V c Q/?(U) and

U = Span({Q'/2f;}) = Span({ex})

Proposition 2.12. For every a € U we have

o0

Wa(t) =Y (Q"%er,a) W12, (1), t>0 (2.8)
k=1

Proof. Observe that for any i, j we have
E[WQ—l/Qei (S)WQ—l/Qe]- (t)] =1Ns <QQ_1/26i7 Q_1/2€j> =tAs 513

therefore Wg-1/2,, @ € N, are indepedent standard brownian motions and so by formula (2.6)

the right-hand side of (2.8), denote it by W, is a generalised Wiener process with covariance Q.
Now fix a = Q~/2¢y,, then

Walt) = > (Q"%e;, Q VPer)Woirae (8) = D ej, er) Woisa, (£) = Wo-1/2,, (1) = Walt)

o)
j=1 Jj=1
Since the set {Q_I/ 2e;,} is linearly dense in U and the map a — W, is linear and continuous,
the identity can be extended to all a € U. O

2.2 The stochastic integral

In this section we are going to define stochastic integration, first with respect to Q-Wiener
processes and then also with respect to generalised ones. The procedure is basically the same
as in the real case: we first define the stochastic integral for elementary processes and then we
show that this provides an isometry and can be extended to more general predictable processes;
by a localization procedure we then show how the definition can be further extended.

Let (2, {F:}, F,P) be a filtered probability space, {F;} a normal filtration; consider a Q-Wiener
process W with respect to {F;}, taking values in U, where @ is a nuclear operator. Then we
know that there exists an orthonormal basis {ey} of Usuch that W can be represented by

W(t) =V ABr(b)er
k=1

We assume for simplicity that () is non degenerate, i.e. A\ > 0 for all k¥ € N.
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Definition 2.13. Let us fix T' < co. An L = L(U, H)-valued process ®(t), t € [0,T], taking
only a finite number of values is said to be elementary if there exists a sequence 0 = tg < t; <

. < t, =T and a sequence P, ..., P, _1 of L-valued simple random variables such that ®; are
Fi,-measurable and
n—1
(t) = ®olyoy + Z Pr Ly t,01(1)
k=0

For elementary processes ® we define the stochastic integral by the formula

n—1

¢
/ D (s)dW (s) Z@k (Wi ine — Wiat)
0 k=0

and denote it by ® - W (¢t), ¢t € [0,T].
Recall that the space Uy = QY/2(U), with scalar product (a,b)o = (Q~/2a,Q~'/2b), is a Hilbert

space with orthonormal complete basis given by gr = v/Ager. Then the space L = Ly(Up, H)
of all Hilbert-Schmidt operators from Uy into H is a separable Hilbert space with norm

MWy = 3 (g £ = 3 AW )7 = [WQU2R, = Tr(9Q7) (QH2)")
i,j=1 i,j=1

where {f;} is any orthonormal basis of H. Observe that L C LY with continuous embedding: in
fact, if ¥ € L, then

IW]|7g = Z i Weil? < II‘I’IILZA < 00

2,7=1

In particular, if ¥ € L then we can write
[w]2, = Tr(wQw?)

However not all operators from L§ can be regarded as restrictions of operators from L. The
space LY contains genuinely unbounded operators on U.
Let ®(t), t € [0,T], be a measurable LJ-valued process; we define the norms

1/2

ol =] [ 19gas] =5[] [T (@@ e )

Proposition 2.14. Let ¥ be an elementary process such that | ¥|r < oo, then the process
U - W is a continuous, square integrable H-valued martingale on [0, 7] and

E[lV- W) = [lv]7 vte0,T] (2.9)

Proof. We will check for instance that (2.9) holds for t = t,,, < T. Define & = W (tx41) — W (tx),
k=1,...,m—1. Then

E[¥ - W () Umzlcb } mlE t)&7] + 23 EL@ ()&, B(t;)€)]

=0 1<j
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We will show first that

E[|®(t:)&[*] = (tiy1 — ti)E[Hq)(ti)H%g]a 1=0,....m—1 (2.10)

To this purpose note that the random variable ®*(t;) fi is F,-measurable, and &; independent
of F;,. Consequently (see Proposition 1.15)

E[|® ZE ti)&, fi)® ZE@, i)’

o0

tz—i—l E Qq) tz)flm (tl)fk>]
1

k:

8

= (tiv1 — i) Y E(QV2®"(t:) ful?] = (tirr — t)E[| @ (t:)[17]
k=1

This shows (2.10). Similarly one has

E[(®(t:)&, (t;)€)] =0 ifi#j
and the conclusion follows. -

Remark 2.15. Formula (2.9) implies that the stochastic integral is an isometry from the space
of all elementary processes equipped with the norm || - ||z into the space M2 (H) of H-valued
martingales.

To extend the definition of the stochastic integral to more general processes, we need to under-
stand what is the closure of the space of elementary processes with respect to the norm || - ||7.
To do so, it is convenient to introduce the notion of predictable processes.

Definition 2.16. Let Pr denote the o-algebra generated by sets of the form
(s,t] x F, 0<s<t<T, FeF, and {0}xF, FeF (2.11)

Pr is called the predictable o-algebra and its elements the predictable sets. A measurable
mapping from ([0, 7] x ©,Pr) into a Banach space (E,B(FE)) is called a predictable process.

Clearly predictable processes are always Fi-adapted; elementary processes are always predictable.
We are now going to show that predictable processes form quite a large class.

Proposition 2.17. An adapted process ® with values in L(U, H) such that for arbitrary u € U
and h € H the process (®(t)u,h), t > 0, has left continuous (respectively right continuous)
trajectories is predictable.

Proof. Let us first show that B(L(U, H)) is generated by the family of continuous linear maps
T — (Tu, h). In fact, if {u,} and {h,,} are countable sets respectively dense in {u € U : |u| =1}
and {h € H : |h| =1}, then

|7 ||,y = sup |Tu| = sup(Tun, hin)

|u|— n,m
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and the rest of the proof is analogue to the one of Proposition 1.1.

Therefore, in order to show that @ is predictable, it suffices to show that the real process X (t) =
(®(t)u, h) is predictable for all w € U,h € H. By hypothesis X is adapted and left continuous;
consider the processes

Xp(t,w) = me,k(t,w), te[0,7T], we
k=1

where, for any k € N,

k-1 k-1 k
XmJC(t,UJ) :X(QT,CU), fort € (27m,27m:|, w e N

The processes X,,, are predictable and by left continuity of X they converge pointiwise to it,
therefore X is predictable. The proof for the right continuous case is analogue. O

Consider now the space Qp = [0, 7] x 2 endowed with the g-algebra Pr and the product measure
Pr = L ® P, where £ denotes the Lebesgue measure on [0,7]. Then it’s easy to see that the
norm || - ||z defined before corresponds to

Nl = [ 1)y deriee)
T

and that elementary processes are a subspace of L%(Qr, Pr, Pr; Lg), where Lg is a separable
Hilbert space on which we can define Bochner integral. We are now going to show that elementary
processes are dense in L?(Qr, Pr, Pr; LY).

Proposition 2.18. The following hold.

(i) If a mapping ® from Q27 into L is L-predictable then ® is also L9-predictable. In particular,
elementary processes are L3-predictable.

(ii) If ® is an LZ-predictable process such that ||®|l7 < oo, then there exists a sequence {®,,}
of elementary processes such that |® — @, |7 — 0 as n — .

Proof. i) We have seen before that L C L with continuous embedding. Since the continuous
image of a predictable process it’s still predictable, we can conclude.

ii) Since L is densely embedded into LY (for example because g; ® f; € L for every i,j), by
Lemma 1.6 there exists a sequence {®,,} of L-valued predictable processes on [0, 7] taking only
a finite numbers of values such that

1B (t,w) = @n(t,w)lzg 4 0

for all (t,w) € Q. Consequently ||® — ®@,|r | 0. It is therefore sufficient to prove that any
A € Pr can be arbitrarily aproximated by predictable events, i.e. for any € > 0 there exists a
finite union I" of disjoint sets of the form (2.11) such that

]P)T(AAF) <e

But predictable events form a m-system that generates P, so the conclusion follows by standard
corollaries of Dynkin’s lemma. O
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We are now able to extend the definition of stochastic integral to all the elements of L*(Qr; L),
i.e. to all L9-predictable processes ® such that ||®|7 < co. They form a Hilbert space which
will be denoted by N3 (0,T; L), more simply N3, (0,7) or Nj,; by the previous proposition,
elementary processes form a dense set in N‘?V (0, 7). By Proposition 2.14 the stochastic integral
® - W is an isometric transformation from that dense set into M2(H), therefore it can be ex-
tended by density to an isometry from N3 (0,T) to M2(H). In particular (2.9) holds and ®- W
is a continuous square integrable martingale for all ® € NI%/

As a final step, we extend the definition of stochastic integral to L9-predictable processes satis-
fying an even weaker integrability condition. The extension can be accomplished by means of a
localization procedure.

Definition 2.19. An LJ-predictable process ® is stochastically integrable on [0, 7] if

P(/OT |9 (s)]] gds < oo> =1 (2.12)

Such processes form a linear space denoted by ANy (0, T LY), more simply Ny (0,T) or Ny .
We need the following lemma.

Lemma 2.20. Assume that ® € ./\/'%/((),T; LY) and that 7 is an JF-stopping time such that
P(r <T)=1. Then

/T Lo (s)@(s)dW (s) =@ -W(tAT), tel0,T], P-as. (2.13)
0

Proof. First assume that ® is elementary and that 7 is a simple stopping time, then it’s easy to
see that (2.13) holds. If ® is elementary and 7 is a general stopping time, then there exists a
sequence of simple stopping times {7,,} such that 7,, | 7 pointwise. Therefore, by continuity of

oW, -W(r, ANt) — &-W(r At) P-a.s. On the other hand

T
107 — Ljgmoylr = E /0 Ly (D1 0(8) gt . 0

and using the fact that the stochastic integral is an isometry we get that 1o . ®-W — 1o ®-W
in M7, therefore we can conclude that Ly @ - W(t) = ® - W (7 At).

If @ is a general predictable process, let {®,,} be a sequence of elementary processes such that
|® — ®pl7 — 0, then [|1jg @ — Ljo 1 Pnll7 — 0 and Ljg @, - W — Lo @ - W, which allows to
conclude. O

Assume that condition (2.12) holds and define

t
Tp = inf {t €10,7]: / H@HQLg(s)ds > n}
0

with the convention that the infimum of an empty set is 7. Then {7,} is a sequence such that

T
E[/O ||H[O,Tn]<1>||ig(s)ds} < o0 (2.14)
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Consequently stochastic integrals 1jg ,,,|® - W are well defined for all n € N.
Moreover, if n < m, then P-a.s.

Ljo. )@ - W(t) = (Lo, (Lo, @) - W(E) = Lo 7, @ - Wm0 A E)
It follows from (2.12) that 7,, 1 T P-a.s. Therefore for any ¢ € [0, 7] we can define
Q-W(t) =1, 2 W(t) (2.15)
for n sufficiently large such that ¢ < 7,,. Note that if also t < 7, and n < m, then
Loz @ - W(t) = Ligr, @ W(Tn At) = 11g.7,,1® - W(2)

and therefore definition (2.15) is consistent. By an analogous reasoning, if {7,,} 1T T is another
sequence satisfying (2.14), then definition (2.15) leads to an indistinguishable stochastic process.
Note that for any n € N, w € Q and ¢ € [0, 7],

Q- W(ru At) =117 P W(mn At) = Mp (T At)

where M, is a square integrable continuous H-valued martingale. This property will be referred
as the local martingale property of stochastic integral.

Remark 2.21. It follows from the above construction that Lemma 2.20 holds for all ® € Ny .

Stochastic integral for generalized Wiener processes

The construction of the stochastic integral required to assume ) of finite trace; only in that case
the Q-Wiener process takes values in U. We can however extend the definition of the integral to
the case of generalized Wiener processes with a covariance operator () not necessarily of trace
class.

As before we denote by Uy = QY/?(U) (with the induced norm |u|y = |Q~'/?u|) the reproducing
kernel of W and LY = Lo(Up, H). It is not true anymore that L(U, H) C La(Uy, H), but {f;®e;}
is still a subset of L(U, H) that is densely linear in Lo(Up, H). We can exploit such density in
order to show that, given a U-valued random variable Z and an operator R € LY, RZ is still
well defined as a random variable, as the following proposition shows.

Proposition 2.22. Assume that Z is a U-valued random variable with mean 0 and covariance
Q, R € LY. If R, is a sequence in L(U, H) N LY such that R, — R in LY, then there exists a
random variable RZ such that

lim E[|RZ — anyig] =0

n—oo

Moreover, RZ is independent of the approximating sequence {R,,}.

Proof. Observe that for any S € L(U, H) N LY the following identity holds:

EHSZ‘Q] = ’S‘ig = ’SQl/QfLQ(U,H) = Tr(SQS")
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In fact, .
E[|SZ|%] ZIE [(SZ, ;)?] ZJE (Z,5% ;)% =D (QS™f;,5"f;)
j=1
Then, defining Z,, = RnZ , we have
E[|Zy — Zm|*] = |Rn — Rmﬁ;g — 0 asn,m — oo

Therefore {Z,} is a Cauchy sequence in L2(Q; H). If {R,} is another sequence with all the
required properties, then

E[|Zy — Zp|?] = |Rn — szn@g — 0 asn — 0o
and the result follows. O

Now if W,, a € U, is a generalized Wiener process with covariance @), then by Proposition 2.11
there exist a sequence {f;} of independent Wiener processes and an orthonormal basis {e;} of
U such that

Z Q1/26]B]) acUt>0
7=1

Moreover the formula -

W(t) =Y Q"e;pi(t), t>0
j=1
defines a Wiener process on any Hilbert space U; such that Uy C U; with Hilbert-Schmidt
embedding; by Proposition 2.11, Uy and @1(U;) coincide. Therefore by applying Proposition
2.22 to the Up-valued random variables W (t), t > 0, ®W (t) are well defined for any ® € L3 and
given by the formula

oo
t)=> dQ"%;p;(t), t=0 (2.16)
j=1
Thus the construction of the stochastic integral

/tq)(s)dW(s), t>0
0

can be done as in the case when Tr ) < oco. It is enough to take into account that random
variables of the form

N

1 J

are defined in a unique way provided that ®;; € Lg. The basic formula

E[‘/Otfb(s)dW(s)‘Q] :E[/OtH@(s)HLgds} >0

Equivalently, one can repeat the definition of the stochastic integral for the U;-valued Wiener

remains the same.

process W determined by W,, a € U. Again, the space of integrands and previous formula
remain the same.
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Approximation of stochastic integrals

We now describe a way of approximating stochastic integrals which could also serve as a different
way of defining the stochastic integral with respect to a @Q-Wiener process (Tr @ < oo). Let

N
Wa(t) =D VAiBj(t)e;
=1

where {);,e;} is an eigensequence defined by @, and let ® € Ny (0,T). Notice that Wy and
W = W—Wy are Wiener processes with covariance operators respectively Qn = Zjvzl Ajej@e;
and QN (t) = > en+1Aje®ej. Observe that @-W = ®-Wy+®-WHN: the identity is immediate
in the case ® is an elementary process and so by density it must hold for every ® € Ny,. Thus

T
E[|® - W(T) — & Wy(T)|? = E[|@ - WN(T)]?] = E[/O 12(s)(Q™)'/?|[7,ds

If [|®]|7 < oo, then

T
B[ [ 19(:)(@) 2 ds] 0 as N = o
0 2

Then by the martingale property of the stochastic integral

E{ sup ]@-W(t)—®~WN(t)2} —0 as N = o©
0<t<T

and consequently one can consider a subsequence {® - Wy, } converging P-a.s. and uniformly in
[0,T]. Thus the stochastic integral with respect to an infinite dimensional Wiener process, also
cylindrical, can be obtained, in the above sense, as a limit of stochastic integrals with respect
to finite dimensional Wiener processes. The sequence ® - Wy contains a subsequence convergent
P-a.s. uniformly with respect to t € [0,7]. The limit is independent of the subsequence chosen
and perhaps gives a more intuitive definition of the stochastic integral of a predictable process
® such that E[fOT H<I>(3)H2Lgds] < oo. The case of general ® € Ny (0,T; LY) can be obtained by
localization.

2.3 Properties of the stochastic integral

The following theorem summarizes some results from the previous sections also giving further
information.

Theorem 2.23. For every ¢ € /\/'VQV(O, T'), the stochastic integral ® - W is a continuous square
integrable martingale with quadratic variation given by

t
0

[¢-W](t)=/0 Q@(S)dSZ/ (2(s)Q"?)(2(5)Q"?)"ds (2.17)

If ® € Nw(0,T), then ® - W is a local martingale.
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Proof. We only need to prove formula (2.17); it suffices to show that, for any h € H, the process
(®-W(t / QY28 (s)h|? ds

is a martingale. Let us first assume that @ is a simple process, ® = >~ é Pr 1 Then we

testeya]
consider the process

n—1 n—1

2
X(t) = (Z(Wtk+1At — Wit ‘I)Zh>U> =) (thpa At =ty AD)|QVPDERIT
k=0 k=0

In order to show that X is a martingale, it’s enough to show that E[X (¢)|Fs] = X (s) holds for
any s,t € [tm, tm+1], s < t, m < n, since we can then extend the result to any s, ¢t using the tower
property of conditional expectation. But on [t,, t;,41] the process ® is constant, so without loss
of generality we can assume ®(t) = ®. That is, we want to show that

(W (1), *h)} — Q" %" A,

is a martingale. But this follows immediately from the definition of ¢t() as the quadratic variation
of W(t). So this concludes the proof when @ is an elementary process. Now let ® € N3, (0,T);
then we can take a sequence ®,, of elementary processes such that ¢, — & pointwise and in
N3 (0,T). Thus @, - W — @ - W in M2(H) and so, for any h € H, t € [0,T]

(@, - W(t),h)> = (®-W(t),h)? in L'(R)

Moreover then map ¥ + |QY2W*h|?, ¥ € L is continuous, so |QV2®%h[? — |QY2®*h[?
pointwise and
1/2 2 2 2 2 (2
Q2dnlE < |l [ Pnl7g = [Pl7| P

and so we obtain that, for any ¢ € [0, T,
t t
| @ eieng — [ 1@t @nE i Liem

Since the result holds for ®,,, for any 0 < s <t <T
{@ Wt / 1Q2®7(r) h]Udr‘}'} (@, W (s) / QU207 () A dr

Conditional expectation preserves the L'-convergence, therefore taking the limit as n — oo the
equality holds also for ®, which implies the conclusion. O

In a similar way, the following result can be shown.

Proposition 2.24. Let &1, Py € NVQV(O,T). Then the martingales ®; - W, ®5 - W have cross
quadratic variation

(@1 W, By - W](t) = /0 t<<1>2(r>cz1/2><<1>1(r)@1/2>*dr (2.18)
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We omit the proof as it’s just a variation on the one of Theorem 2.23. We only highlight the
following fact: since ®1, Py € NZ,(0,T), ®2(r)Q"/? and (®1(r)Q'/2)* belong to Lo (U, H) P-as.
and so

1(@2(r) Q") (@11 Q") |y w0y < 1€2(r)QY 2 Loy N(@1 (M) QY )" | 11,0
= [[@1(M)l g ®2(r)l g

In particular by Cauchy’s inequality we obtain
! 1/2 1/2 ! 2 ‘ 2 2 2
/0 |(@2(r)Q2)(@1 ()R |,y dr < ( /0 @1 ()12 ar) ( /0 [@2() |2 dr) < 1113 @3

Therefore the integral in (2.18) is well defined as a Bochner integral.
The two following corollaries follow immediately from the previous results. We state them
separately as they are often useful in calculation.

Corollary 2.25. Assume that @1, ®3 € N3, (0,T). Then
E[®; - W(t)] =0 and E[|®;- W)} <oco  Vte[0,T], i=1,2
Moreover the correlation operators V (¢, s) = Cor(®; - W (t), P2 - W(s)) are given by
tAs
V(ts) =B [ (@r)Q ) (@1(r)Q!2) ar
0
Corollary 2.26. Assume that ®;, ®3 € N3,(0,T). Then
tAs
Bl W(0), 02 W) =B [ T(@a(r)Q2) (@1 (@2 ar (2.19)
0
If &; and @9 are L(U, H)-valued processes, then formula (2.19) can be written as
tAs
E[(®y - W(t), By - W(s))] = E / e[y (r) Q1 (1) ]dr
0
Several results valid for Bochner integral have their counterparts for stochastic integrals. In
particular, an analogue of Theorem 1.11 holds. Let A : D(A) C H — E be a closed operator,

with the domain D(A) a Borel subset of H and E another separable Hilbert space, and let ®(t)
be an LY(H) = Ls(Uy, H)-predictable process.

Proposition 2.27. If ®(¢)(U) C D(A) P-a.s. for all ¢ € [0,7] and

T
IP’(/O H@(S)H%B(H)ds < oo) =1

T
IP’</ IA®(s)]|70 sy d5 < oo) =1
0 2
then f(;[ O (s)dW (s) € D(A) P-a.s. and

T T
A/O @(s)dW(s):/O Ad(s)dW (s) P-as. (2.20)
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Proof. Let us observe the following facts: D(A) is still a separable Hilbert space with inner
product (h1,h2)pay = (h1,h2)m + (Ah1, Ahg)g and norm \h[%(A) = |n|% + |Ah|%; a linear
operator S belongs to LY(D(A)) if and only if S € LY(H) and AS € LY(FE), moreover
2 2 2
||SHL3(D(A)) = ||SHL3(H) + ||ASHL3(E)

In facts, for any orthonormal basis g of Uy we have

||SH%3(D(A)) = Z |Sgk|2D(A) - Z ‘Sgk’%l + Z ’ASQkﬁE = HSHQLg(H) + HASH%g(E)
k=1 k=1 k=1

In particular, it follows from the hypothesis that

T
IP’(/O ”(I)(S)H%B(D(A))ds < oo) =1

Then by Theorem 1.11 ® is an LJ(D(A))-valued process and ® € Ny (0, T; LY(D(A))). The rest
of the proof is similar to the one of Theorem 1.11: by linearity of A equality (2.20) holds whenever
® is an elementary process; if ® € N3 (0,7;LY(D(A))), then we can consider a sequence of
elementary processes ®,, — ® pointwise and in N3 (0,T; LI(D(A))) and so by closedness of A
the equality must hold. Finally, if ® € Ny (0,T; LY(D(A))), a localization procedure can be
applied. O

We now introduce a useful estimate, which also allows us to show that convergence in probability
is preserved under stochastic integration.

Proposition 2.28. Let ® € Ny (0, 7). Then for any a,b € (0, +0)

b T )
]P><sup ® - W(t)| > a> < +P</O 1@ (t)[175dt > b>

(0,77
Proof. Define
t
7, = inf {t €[0,7]: / [@(s)[|F0ds > b}
0 1

Then P(supp g [® - W(t)| > a) = I1 + I3, where

T
I = P(Sup |- W(t)| >a and / [@(s)[|30ds > b)
[0,7] 0 !

T
I, = ]P’<sup |- W (t)] >a and / ||<I>(s)||%0d5 < b)
[0,7] 0 !

<8 sup [ toy0e)aW ()] > a)

(0,7]

and so by Theorem 1.37 and the definition of 7,
1 T ) b
Iy < SE [ 1oz (s)2(s)|7ods < —
a 0 2 a

Since I; < P( [ [|#(s)[|20ds > b), the result follows. 0
1
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Corollary 2.29. If ®,,® are elements of ANy (0,7) such that ®, — @ in probability in
L?(0,T; LY), namely for any & > 0

T
P(/ H@n(t)—‘I)(t)\Lgdt>5> —0 asn— o0
0

then ®,, - W — & - W in probability in C(0,T; H).

Proof. Fix € > 0; by linearity of the integral and Proposition 2.28, for any § > 0 we have

5 T
IP’<sup | Dy, - W () — @ - W(t)] > e) < 2 +]P’</ | Py (t) — @(t)]\%odt > 5>
[0,T7 0 2

and taking the limit as n — oo

)
hmsup]P’(sup |y, - W(t) — @ -W(t)| > E> <
n—00 [0,T] €

By arbitrariness of § we can conclude. O

We conclude this section with the following basic estimates, which allow to deduce regularity
of the stochastic integral ® - W from the integrability of ®, by means of Kolmogorov continuity
criterion. The proof is omitted and the interested reader is referred to [13], section 4.6.

Theorem 2.30. For every p > 0 there exists ¢, > 0 such that for every ¢ > 0

t p/2
]E[ sup |® - W(s)]p] < c,,E[(/ 12(s)||30 ds) ] (2.21)
5€[0,] 0 2
Theorem 2.31. For every p > 2 there exists c; > 0 such that for every t > 0
t 2/p  \P/?
]E[ sup |® - W(s)|p] <¢, (/ IE[H@(S)HI;JO] ds> (2.22)
s€[0,t] 0 2

Further extensions, Stratonovich integral and examples

In this section for simplicity we only consider the case of Q-Wiener processes, where @) is a trace
class operator. Given an H-valued square integrable martingale M of the form M = & - W,
where ¢ € ./\/'3[, (0,75 LY), we can define the stochastic integral with respect to M by setting

/ U (s)dM(s) i / () (s)dW (s) (2.23)
0 0

for any predictable process ¥ such that

T
T $)®(s)QY? $)P(s)QV2)")ds < 0 | =
P [ T (0600)Q 06 8(6)Q s < o0) =1

Therefore ¥ - M is a local martingale with quadratic covariation given by

20 = [ W(5)Qu(5)¥ () (2.24)
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where
Qa(s) == (2(5)Q*)(2(5)Q"?)"
and

(M)(t) = /0 Qals)ds

All the results of the previous section can be adapted to this extension of the stochastic integral.
The procedure of Section 2.2 can be adapted in order to define stochastic integration with respect
to general martingales M € M2(H), see [19]. We omit this extension as it’s outside the scope
of this work. Another possible extension is the one with respect to continuous semimartingales
and in particular the so called Ito processes, i.e. processes of the form

X(t) = X(0) +/0 O(s)dW (s) —i—/o o(s)ds

where X (0) is an H-valued, Fy-measurable random variable, ® € N3, (0,T; H) and ¢ is an
H-valued, predictable process such that

P(/OT lp(s)]ds < oo) =1

For X as above we can define ¥ - X = [ WdX by

/O W(s)dX (s) = /O W(s)D(s)dW () + /0 U (s)p(s)ds

for any predictable process ¥ such that

T

T
IP(/ Te (W (s)Qa (s)U(s)")ds + / 1T (s)p(s)|ds < oo) =1
0 0
Another concept of integral which is often useful is the Stratonovich one.

Definition 2.32. Let ® be a continuous, square integrable semimartingale taking values in L9
and consider a sequence A,, of subdivisions of [0, 7] whose mesh |A,| — 0 as n goes to infinity.
We define the Stratonovich integral [ ® o dWW as the limit in probability of the processes

Nn

Z %((I)(t Atiy1) + QUENEG)) (W (EAtipr) — W(EAL))
=1

Similarly to the real case, using the results from Section 1.3 it’s immediate to see that the limit

of the above processes exists and doesn’t depend on the chosen sequence of subdivisions, since

Ny,

Z %(‘D(t Atip1) + @A) (W(t Atipr) = W(EAL))

z:an 1 .

=Y U)W (EAtigr) = W(EAL)) + 3 D (B Atin1) = (N ))(W(EAtigr) — W(EAL))
i=1 i=1
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which converge in probability respectively to f(f O (s)dW(s) and [®, W](t). Therefore we obtain
the formula

t t
1
/ D(s) odW(s) = / O(s)dW(s) + 5[@, W1(t) (2.25)
0 0
We conclude this section by giving some particular examples of stochastic integrals.

Remark 2.33. Let E be a Banach space and let B : ' x U — H be a continuous bilinear form,
namely there exists C' > 0 such that

|B(e,u)|lg < Clle|lgluly VYee E,uelU

then the map from F to L(U,H), e — B(e,-), is linear and continuous. Therefore if X (t) is
an F-valued predictable process, then B(X(t),-) is an L(U, H)-valued predictable process and
therefore also an LY-valued one; moreover || B(X (t), g < ClIX(#)|£- In particular, if

P(/OTHX(t)n% <o) =1

then B(X(t),-) € Nw(0,T) and we can define the process

/tB(X(s),dW(s)), te 0,7
0

A similar definition can be given if B is such that the map from E to LY, e + Ble,-), is
continuous.

Example 2.34. If we take B = (-,-)y : U x U — R and X a U-valued process as above, we can
define

| xe.awno (2.26)

Moreover we have
o0

X (@), YullFe =D (X(1),90)° = 1Q*X (1)

k=1
Therefore (2.26) can be defined for any U-valued, predictable process X such that

IP’(/T QV2X (1)[2 dt < oo) =1
0

and if Q1/2X ¢ L?(Qr, Pr,Pr; U), then it’s a real square integrable martingale with
. ¢
[ x@.avon)o = [ 1@

Stochastic integrals of the form (2.26) can also provide a different way to define stochastic
integration. In fact it’s easy to check, first for elementary processes and then by approximation,
that the following identity holds: for any ® € Ny (0,7) and for any h € H,

</Ot<1>(5)dW(s),h> - /Ot@(s)*h,dW(s»
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The identity above uniquely characterizes the process ® - W; observe that, since ® € Ny (0,7T),
®*h is an H-valued predictable process such that fOT |®*(s)h|? < oo P-a.s.

If instead we consider the linear map B : UxUy — R, B(uy,us) = (u1, Q@ Y?us)y = (Q2u1, us)o,
then similar calculations give that the integral

[ e = [ (@ xo.aw
0 0

is well defined for any U-valued predictable process X such that

T
IP(/ \X(t)@dt) < 0
0
Observe that the map X — fo (X,QY2dW)y defines an isometry between L?(Qq, Pr,Pr;U)
and MZ(R).

Example 2.35. If we take B = (-,-)g : Up x Uy — R and X a Up-valued predictable process,
then [|(X, )|y = |X|2 and so under suitable hypothesis we can define

/0 (X(5), dW (s))o

This time the map X — [(X,dW)y is an isometry from L*(Qp, Pr,Pr; Up) to MA(R).

Example 2.36. If we consider B = ® : (h,u) — h ® u, seen as a map from H x U to Lo(U, H),
then

||h ® 'H%g([,z((]ﬂ)) = Z ||h ® ngQLQ(U,H) = Z ‘h|2 |gk:|2 = |h’2 Tr(Q)
k=1 k=1

If X is an H-valued predictable process, with suitable integrability conditions, we can then define

/Ot X(s) ® dW (s)

It can be checked, as usual first for elementary processes and then by approximation, that for
any u € U and h € H it holds

<h, (/OtX(s)®dW(s))u>H — /0t<X(s),h)Hd(W(s),u>U

where the right hand side is the stochastic integral of the real predictable process (X, h) gy with
respect to the real continuous martingales (W, u)y .

The above examples can be extended, under suitable assumption on the process X, also in the
case of stochastic integration w.r.t semimartingales or in the Stratonovich sense. In particular, for
any continuous semimartingales X and Y satisfying suitable assumptions in order for everything
to be well defined, the following product rule holds:

X(t) @ Y(t) :X(0)®Y(O)+/tX(s)®dY(s)+/th(s)®Y(s)+[X,Y](t) (2.27)
0 0
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which can be also expressed as
AXRY)=X®dY +(dX)®Y +dX,Y]

In fact, for any subdivision 0 =ty < t; < ... <ty =t of [0,¢], we have

X(t) X Y(t) Z tz—i—l ® Y tz—i—l) X(tl) ® Y(ti)]
n—1
0) + Z X(t:) @ (Y(tip1) = Y () + > _(X(tipr) — X () @ Y ()
1=0 1=0
n—1
) (X (tir1) = X () © (Y(tig1) — Y (L))
=0

and taking the limit as the mesh of the subdivision goes to 0 we obtain (2.27). Similarly it can
be shown that

X(t)®Y(t) :X(O)®Y(O)+/tX(s)®odY(s)+/t odX (s) ® Y (s) (2.28)
0 0

Moreover, if X and Y take values on the same space U, taking the trace in (2.27) we find
t t
(X0 Y (O = (XO,Y O+ [ (X(s).aY () + [ (V(9),dX(s))o + (X, Y](0) (229)
0 0

2.4 Ito formula

Let ® be an LY-valued stochastically integrable process on [0,7], ¢ an H-valued integrable
process on [0,7] and X (0) an Fp-measurable H-valued random variable. Then the process

X(t):X(O)+/O w(s)der/o O(s)dW (s), te[0,T)]

is well defined. Let F': [0,7] x H — R be a function such that F' and its partial derivatives F},
F,, F,, are uniformly continuous on bounded sets of [0,7] x H.

Theorem 2.37 (Ito formula). Under the above conditions, P-a.s. for all ¢ € [0,T]
t
F(tX(6) = FO.XO) + [ (Fa(s,X(5), ()W ()
0

[ Bl X(5) + (Pl X5, 0(6) + 5T [Pl X () (B()Q2)(B(5)Q/2) T s
(2.30)

Proof. By localization, we can reduce ourselves to the case in which the process X (¢) and the
integrals fOT lp(s)|ds, fOT H<I>(s)||%0ds are bounded. In fact, for any C' > 0 consider the stopping

ro=int {1 € 0.77 o (1X(O, [ lotslas, [ fo)igas) = €}

time
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with the convention inf ) = T'. If we define

Xo(t) = X(tAT0),  @olt) = o) (W)e(t),  Po(t) = Ljor)(H)2(E), t€[0,T]

then by Lemma 2.20

Xe(t) = Xo(0) + /0 wo(s)ds + /0 Do (s)dW (s), tel0,T)

Therefore if formula (2.30) is true for X, pc, ¢ for arbitrary C' > 0, then again by Lemma 2.20
it holds in the general case. So we can assume

T T
IE/ lo(s)|ds < oo, ]E/ 19(s)|2ds < o
0 0

By Lemma 1.6 and Proposition 2.18 we can then restrict ourselves to the case in which ¢ and
® are elementary processes; then ¢ and @ are locally constant and so, up to "gluing" together
the intervals, the can assume that ¢(s) = po and ®(s) = Py are constant processes. So we only
need to prove formula (2.30) for X of the form

X(t) = X(0) + tg + DeW (t) (2.31)

Let the points 0 =ty < t; < ... <ty =t define a partition of [0,¢] C [0,7]. Then

k—1 k—1
F(t, X (£))=F(0,X(0)) = Y [F(tj1, X (tj11))=F(tj, X (t54))+ Y _[F(t;, X (t541))—F (5, X (t;))]
=0 =0

Applying Taylor’s formula one gets (random) 6o, 001, - - - Oy(k—1), 010, - - - O1(k—1) € [0, 1] such that

F(6X(0) = FO.X(0) = Y Pt X(t1) At

TIMT
Il
= o =

(Fu(ty, X (), AX;)

o,
Il
Pl?‘o
—

(Fua(ty, X (L)) - AXj, AXG)

+
N |

o

j=
-1

Ea

+ > [Filty, X (tj41)) — Filtjp, X (tj41))] Aty

[ing

S
—

+
DN |

<[sz(tja X(tj)) - sz(tj7X(tj))] : AXJ" AXJ>

Il
=)

J
=h+4+L+I3+1,+ 15
where
At; =t —t;, AX;=X(tj1)— X()
Z’{j =tj + 0o;(tj+1 — tj), )?j = X +01;(X(tj+1) — X(t)))
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Taking into account (2.31), when the mesh of the partition goes to 0 we have

I —» | Fi(s,X(s))ds P-as.

t

Iy — [ (Fy(s,X(s)), goo>ds+/ (Fy(s,X(s)), PodW (s)) P-a.s.
0 0

To find the limit of I3 observe that

1k

Is = D (DfFra(ty, X () Do AW, AW;) +

k‘
,_.

1

B <an:(tjaX(tj))@oawoﬂmj)z

=0 j

k-1

+ ¥ (Fra(ty, X(t5))PoAW;, o) At; = I3y + I3z + I33
0

j=

I\
o

We will first show that for a suitable subsequence

Iy — + / B, (1 X (1) BoQlds (2.32)
2 )y

Denote Y; = ®§F,.(t;, X(t;))Po, then

k—1 k—1

2
J::EKZ(@OFm(t],X( D) ROAW,, AW;) — > Tr [®f Faw (£, X (1)) PoQAL; ]> ]
j=0 Jj=0

= > E[(Y;AW;, AW;)? — (Te [Y;Q))*(At;)°]
This follows from Proposition 1.15 and the general fact that, if Zy,..., Z;_1 are real square

integrable random variables and Gy, ..., Gy, is an increasing sequence of o-algebras such that Z;
is Gjy1-measurable for every j, then

k—1 k—1 2 k—1
B|( X2 - T eizi6)) | =3 (6122 - seiz10,2)
=0 =0 =0
Let M be a constant such that |Y;| < M for all j, then
k—1 k—1
7 <32 (L EIW ar0) = W+ (1@ 01 - 1 = MPC Yt — 13
7=0 7=0

and we see that J — 0. Consequently taking a subsequence we obtain (2.32). From the paths
continuity of W and boundedness of F, (s, X(s)), it follows that I3 — 0 and I33 — 0. It remains
to show that there exist subsequences of I4 and I5 P-a.s. converging to 0. The pointwise conver-
gence to 0 of I is a consequence of the uniform continuity of F;. By the uniform continuity of F,
and the fact that the sequence Ef;é | X (tj+1) — X (¢;)|? contains a P-a.s. bounded subsequence
it follows that there is a subsequence of I5 that tends to 0. The proof is complete. O
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Remark 2.38. Recalling the definition of stochastic integral w.r.t. X, Ito formula can also be
expressed as follows:

F(t, X(t)) = F(0, X(0)) + /O (Fu(s, X (s)), dX) + /0 {Fils, X(9) + LT[ Faa(s, X (5))Qa(s)] }ds

Moreover, similarly to the finite dimensional case, it can be shown that if F' is sufficiently regular,
then Stratonovich integral satisfies the chain rule, namely

F(t, X(t)) :F(O,X(O))+/O <Fx(s,X(s)),odX>+/0 (Fy(s, X (s))ds (2.33)

2.5 Girsanov transform

In this section we are going to prove an infinite dimensional version of Girsanov’s theorem:;
Girsanov’s transformations are particularly useful, as they allow to construct weak solutions of
stochastic differential equations starting from solutions of other, usually simpler, SDEs. In order
to prove the theorem we need two preliminary lemmas. As before, W is an U-valued Wiener
process with covariance @ and Uy = QY2(U) denotes its reproducing kernel; |- o = | - |y, =

QY2 |y.

Lemma 2.39. Let X,,, X be complex integrable random variables such that X,, — X in prob-
ability and E[|X,,|] = E[|.X|]. Then E[|X — X,,|] — 0.

Proof. We can extract a subsequence such that X,,, — X P-a.s. Consider the sequence

Yie =X | X — Xo, |

k|_

Then Y| < |X]| for all £ € N and Yy — |X| P-a.s., therefore E[Y;] — E[|X]|] by dominated
convergence. But E[|X,, || — E[|X]|] as well and so E[|X — X, |] — 0. Since the reasoning
applies for any subsequence of X,,, we conclude that E[|X — X,,|] — 0 as well. O]

Lemma 2.40. Let ¢(t), t € [0,T] be a Up-valued Fi-predictable process such that

P(/OT|¢<s>%ds<oo> 1

Then there exists a real standard Wiener process 5(t), t € [0,7T] with respect to F; such that,
P-a.s.,

t
0

t
| oeloasts) = [ wis.awisno vie .11 (234
Proof. Fix a € Uy such that |a]p = 1 and define a process {bv as follows:

- S if gp(s) £ 0
— J 1¥(s)o
vie) {a if (s) =0

The process QZ is also predictable and |1Z(t)|0 =1 for all t € [0,T]. Consequently the process

B(t) = /0 (B (5), AW (5))o (2.35)
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is a square integrable martingale with quadratic variation [5](t) = t. By Levy’s theorem, 3(t) is
a standard real Wiener process with respect to F;. It follows from (2.35) that

[ etaasts) = [ 1iot@tsawsne = [ awsa te o
as required. O
Theorem 2.41 (Girsanov Theorem). Let ¢ be a Uy-valued Fi-predictable process such that
E[ef(? (W(s).dW ())o— 5 fo |w<s>|3ds] —1 (2.36)
Then the process
- /0 “b(s)ds, te[0,] (2.37)
is a -Wiener process w.r.t. F; on the probability space (2, F, ]/I\”), where
dP(w) = oo (). dW ()o—35 [3 [¥(s)[3 ds dP(w) (2.38)

Proof. Assume first that |¢(t)|o < C for all ¢t € [0,T] for some constant C. Let g : [0,T] — Uy
be a bounded Borel measurable function. Then

T - T T
/ (g(t), dTT (1))o = / (g(t), dW (1))o + / (9(t), (1)) dt
0 0 0

We now show that

[ Jo 4a(®),dW ()0 } — o3 S g3 dt (2.39)
In fact, by the definition of I@,
Elel <g(t>,div\(t>>o] - E[efoTW(t),dwu»réff [ di+ 5 {g(0).aW (D)o [ (a(0)2(2) odt} o)
— o3 I a3t E[ Jo g+ (). dW ©)o—3 [ 19() >\%dt] '

The expectation in the last line is 1: by Lemma 2.40, applied to the bounded process g(t) +(t),
it can be written as

E [eff VOB —F [y (1) dt}

where v(t) = |g(t) + ¢ (t)|o is a bounded real process, and so the conclusion follows. It follows
from (2.39) that, for any \ € R,

[ AT g(6),dW (1))o ] _ oA e R a (2.41)
For any z € C, define the function

h(z) = [fo dW<t)>}

Since h(z) is finite for all real z, it is well defined for any z € C; it’s also continuously differentiable
with respect to the complex variable z and so analytic on C. Therefore

h(z) = eé i la®lsdt v, e ¢
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In particular, for any A € R,

@[ez’uf(g(t),dmt))o] Ol

Therefore the random variables fOT(g(t),dW(t»o are Gaussian with covariance fOT lg(t)|3 dt.
Moreover, by applying calculations similar to (2.40) and using the fact that the processes

M(#) = eff‘9<8>+¢<5>\odﬂ<s>—% F g +v6)Rds |
N(t) = elo @) dW(sho—3 5 [v(s)[ds

are P-martingales, we obtain that for any I' € F;:
B [eftT(g(S),dW(s»o ]lr} — o3 [ 9B s B AL (T)N (8) 1] = e3 [ 193 ds B(r)
where the last equality holds since
E[M(T)N(t)1r] = E[E[M(T)|F]N(t)Lr] = E[N(t)1r] = E[E[N(T)|F]1r] = E[N(T)1r]
By the same procedure used previously we obtain that, for any A € R and I' € F,

Mf, g(s), dW(S»o]l ] e~ 2 |9(S)|ods[p>(r) eiAftT<9(S)7dW(5)>o E[]lr] (2.42)

Threfore the random variables ftT (g(s), dW(s»o are independent of F; and so we can conclude.
For a general process 1 not necessarily bounded, consider a sequence of bounded processes ),

such that
T

lim [Wh(t) — () 2dt =0 P-as.

n—o0 0

and define processes

Wa(t) = W(t) — /Ot%(s) ds, te€0,T], neN

Then by (2.42), for any I' € F;

[fo (@ (),dW ()03 Jo [n(s)[Z ds ix [T (g(s),dW (s) o—z’AftT<g<s),wn(s>>ods}

2.43
~3 [T le()3 dspp {efOT (). AW ()0~ 5 JiT [ (s)13 dsﬂr} (243)

Recall that by Corollary 2.29, fo (n(s),dW(s))o — fOTW(s),dW(s»O in probability. Then
using the assumption (2.36) and Lemma 2.39 we can take the limit in both sides of (2.43) and
obtain that (2.42) holds for general . O

Lemma 2.40 also allows us to obtain conditions under which (2.36) must hold, similar to the
finite dimensional case.

Proposition 2.42 (Novikov’s criterion). One of the following is sufficient for (2.36) to hold:

i) E[e%ff WORH] < oo



2.5 Girsanov transform 99

ii) There exists § > 0 such that supjy 7 E[@Ilﬁ(ﬂ\ﬁ] < 00

Proof. By Lemma 2.40, there exists a real Wiener process ( such that (2.34) holds. The process
X(t) = fg |1(s)|odB(s) is a local martingale with [X](t) = fg |4(s)|2ds and so equation (2.36)

can be written as
E[eX(T)_%[X](T)} —1

But then i) and ii) follow from the analogue real results applied to the process X(¢) (see for
instance [20], Proposition 1.15 p. 332 and Exercise 1.40 p. 338). O






Chapter 3

The stochastic Leray-a model

3.1 A general scheme

In this section we outline the general strategy we will follow; the approach here is more heuristic,
since we are more interested in showing the applicability of the method, which can be adapted
also to other models, rather than giving rigorous results.

Several models from inviscid fluid dynamics, such as Euler equations, the Leray-a model associ-
ated and the dyadic model, in absence of external forces can be expressed as

= B(u,u), uweH (3.1)
where H is a separable Hilbert space and B : H x D(B) — H is a bilinear map such that
(B(u,v),w) = —(B(u,w),v) Vue H, v,we D(B) (3.2)

Actually in the next sections we will consider also the presence of external forces, but here for
simplicity we restrict to the homogeneous case; observe that if we added also a linear operator
in the r.h.s. of (3.1), such formulation could also include Navier-Stokes equations and their
variants. It follows immediately from (3.2) that if u is a solution such that v € D(B) for all

times, then energy is preserved:

d
However in general we do not expect solutions to be regular enough in order for u € D(B) to

hold. We need therefore a concept of weak solution, which can be formulated as follows:

d
@w,v} = —(B(u,v),u) Yve D(B) (3.4)

Observe that if u is a weak solution, then computation (3.3) does not hold and so we cannot
deduce the invariance of |u|?>. We summmarize this feature by saying that the energy is for-
mally preserved. We can consider a stochastic version of (3.1) obtained adding a Stratonovich
multiplicative noise, namely

du = B(u dt + odW,u) = B(u,u)dt + B(cdW,u) (3.5)

o7
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where the equation has to be understood in integral sense, i.e.

u(t) = u(0) —l—/o B(u(s),u(s))ds—l—/o B(cdW (s),u(s))

As before, in order for the integrals to be well defined, we would need some regularity on u and
should impose a condition like

4 2
P( [ luo)lpyds < o) =1

Instead we can define weak solutions of (3.5) by requiring that

(1), v) = (u(0), v) — / (B(u(s), v), u(s))ds — / (B(odW (s),v), u(s))ds ¥v € D(B)
0 0
Due to (3.2) the energy is still formally invariant:
dlu|? = (odu,u) = (B(u,u), u)dt + (B(odW,u),u) = 0

The choice of perturbing the equation in such a way is made precisely in order to preserve the
features of the original equation, namely the energy invariance. Other choices, like additive noise,
while having valid physical and mathematical reasons to be introduced, don’t have this property.
Assuming we can apply Girsanov theorem, by defining AW = dW +u dt, we can reduce to study
the linear equation

du = B(odW , ) (3.6)

From now on we will use W instead of W for simplicity. Assume that {ex} C D(B) is an
orthonormal basis of H such that W can be written as

W(t) = orerfi(t)
p

where {fj} are independent standard real brownian motions and o, > 0 for all k£ (W can be
a trace class Wiener process or a generalised one). Defined the linear operators By = B(eg, -),
equation (3.6) becomes

du = Z opBru o dby
k

We can now use the properties of Stratonovich integral in order to obtain the equivalent Ito
formulation:

du = opBruo dpy
k

1
= ; orBru dfy, + 5 g O'kd[Bkua Bk]

1
= zk: oxBrudfy, + 3 Zk: o Brdlu, By

1
= zk: orBru dfy + 5 zk: O';%B;%’LL dt



8.1 A general scheme 29

If we define (on the domain D(A)) the linear functional
1 2 22
k

then (3.6) in Ito form becomes
du = Audt + B(dW, u) (3.8)

Observe that A does not depend on time; moreover, it’s symmetric and negative definite, since
the map v — B,%U has these properties for any k: by property (3.2), B = —By, thus

(B¥v,v) = —(Bv, Byv) = —|Byw|*> Vv € D(A) N D(B)

(Biv,w) = —(Byv, Byw) = (v, Biw) Yv,w € D(A)N D(B)

With similar calculations, it can be shown that when w is a weak solution, (3.8) still holds, if we
understand it as testing against sufficiently regular functions v.
If A is a closed operator and u is sufficiently regular, then A and expectation commute and so

by (3.8) E[u] must satisfy
d

dt

Denoting by e*” the semigroup generated by A (which is reasonable to exist since A is symmetric

E[u] = AE[u]

and negative definite), for any deterministic initial data «(0) we have
Efu(t)] = eu(0) (3.9)
If we define the process v(t) = e *4u(t), then it satisfies:

dv = —e M Audt 4+ e du = e B(dW, u) = e A B(dW, ') (3.10)

tA

therefore v is a martingale and satisfies a closed equation; observe however that, as e would

tA

be the semigroup associated to a diffusion, e™** would be associated to an antidiffusion, so that

v is only defined in a very weak sense, i.e. as a distribution.
We can also obtain a closed equation for the operator E[u ® u]: applying formula

dlu®u) = (du) @ u+u® (du) + dlu, u]

and computing

and then using the fact that (Au) @ u = A(u®u) and u® (Au) = (L@ u)A* = (u®u)A, we find

dlu®u)=B(dW,u) @u+ A(u @ u)dt + u ® B(dW,u) + (u ® u)Adt — Zai By (u ® u)By dt
k
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Taking expectation we obtain

d
%E[u ®@u] = AEu® u] + Elu ® u]A — Z o2 ByE[u ® u] By, (3.11)
k

Moreover, by the definition of A, equation (3.11) can also be written as

d 1
@E[u@)u] = Zaz (BgE[u®u] + E[u ® u]Bf — 2BkE[u®u]Bk>
k

2

Such formulation may seem unnecessarily complicated, but it’s very similar to the one we will
find later making explicit computations. In the case of weak solutions u, equation (3.11) must
be interpreted as the fact that, setting ¥ = E[u ® u] as the linear operator

(v, Xw) = E[{u, v)(u, w)]

then for any v,w € D(A) N D(B) it holds

d
%@, Yw) = (Av, Yw) + (Xv, Aw) + Zai (Bgv, ¥ Brw)
k
Let Q denote the covariance operator of W, so that Q'/2e; = opey; if we define the operators

B(Q'Y2.,v) : w — B(QY?w,v), then the above equation can also be written as

%@, Sw) = (Av, Sw) + (Zv, Aw) + Tr(B(QY?,v))* £ B(QY%, w))

We will not make use of this formulation in the calculations, but it’s useful as it does not depend
on the chosen orthonormal basis {e;}. Equation (3.11) can also be written in a corresponding
mild form (which perhaps gives a better understanding in the case u is a weak solution) as
follows. By bringing the terms containing A on the Lh.s. and multiplying by e~*4, (3.11) can be
written as

d
a (e—“‘E[u ® u]e_m) =Y ot e M BE[u®u]Bre
k

so that integrating from 0 to ¢ and multiplying again by e!4 we obtain

Elu(t) @ u(t)] = " Eu(0) @ u(0)]e"* = " o} /0 t =) B Eu(s) ® u(s)| Bre™*)4ds  (3.12)
k

The strategy we will follow for the Leray a-model is the following: we first study the linear
system (3.6). Energy formal invariance allows to construct energy controlled weak solutions (the
rigorous definition will be given later) for such equation. Then by formula (3.11) we are able
to show pathwise uniqueness of the solutions, and so by the Yamada-Watanabe theorem we
also obtain uniqueness in law. In particular we will see that for energy controlled solutions
Girsanov transform can be applied successfully and we can construct weak (in the probabilistic
sense) solutions of the nonlinear system (3.5); moreover, as the laws of the solutions of (3.5)
are in correspondence with those of (3.6), we obtain uniqueness in law for the nonlinear system.
Continuous dependence on initial data and external forces is also studied.
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3.2 The deterministic equation and functional setting

The Leray-a model of Euler equations is the following system of differential equations:

v+ (u-Viv+Vp=f
v=(1I—-alA)u (3.13)
V-v=0

Here v is the velocity field of an inviscid incompressible fluid (incompressibility given by the
condition V - v = 0), p is the scalar pressure field and f is the vector field of the external forces
acting on the system; « is a fixed positive constant and w is a spatial regularization of v. We
might use the superscript v%, u® to stress the dependence of the system on the parameter «, but
when it’s not necessary it will be dropped. In the case a = 0, system (3.13) reduces to Euler
equations for incompressible fluids:

{8tv+(v-V)v+Vp:f

3.14
V-v=0 ( )

The external force field f is given, while v, u and p are unknown (even if, as we will see, p does
not play a significant role, so that the problem can be simplified to only determining v); suitable
initial conditions at time ¢ = 0 on v, u and p are given as well, so that we obtain a Cauchy
problem associated to (3.13).

We will consider the case in which all functions are defined on a periodic box T = [0, 273, with
periodic boundary conditions. That is, u, v and f are maps from [0,7] x T to R?, p is a map
from [0,7] x T to R and, for any fixed t € [0, T}, u(t,-),v(t,-), f(t,-) and p(t,-) are periodic on
T. We will assume f to satisfy the condition f € L?(0,T; L*(T;R?)), namely

/ |f(t,2)|* dedt < oo
[0,7]xT

The condition v = (I — aA)u can be written as u = (I — aA)"lv = G, * v, where G, is the
Green function associated to the Helmholtz operator I —aA; we will denote (I —aA)~! by K.
It is a well known fact from analysis that K® : L?(T) — H?(T) is a linear continuous operator;
also observe that, by the Sobolev embeddings, H?(T) — C(T) with compact embedding. A
more precise description of K% will be given later in Fourier space. Observe that, if V-v = 0,
then V-u =V - (K%) = 0 as well. Then we can use the following equality, which holds for any
smooth functions f, g such that V- f =0:

V-(fog) =(-V)g
where the divergence of a matrix A is defined by
(V-A)i =) 054
J

to write system (3.13) in the following divergence form:

{atv+v-((K%)®v+Pf)=f (3.15)

V-v=0
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where I denotes the identity matrix. If v is a classical solution of (3.15), then using the fact
that divergence terms give no contribution when integrated on T, by the periodic boundary

@ [ iz = [ owteeri = | 0.2
m(t) ::/Tv(t,x)dx:/EU(O,x)dm+/0t/Ef(s,x)dxds

o(t,z) = v(t,x+m(t)) —m(t), pt,z)=pt,z+m)), flz,t)=ftz+m( /f (t,x)d

assumption, it holds
Therefore

If we define

then they satify

[0 + (K% - V)0 + Vp|(t,x) = [vg +m - Vo —m' + (K% - V)v —m - Vv + Vp|(t, z + m(t))
= f(t7x + m(t)) - m/(t) = f(t,l‘)

Therefore (v, p) is still a solution for f given. Viceversa, if we can solve the system associated
to U, p, f, then we are able to obtain v and p as well. Hence without loss of generality we can
assume

/v(t,x)dx:O:/f(t,x)dx Vt>0
T T

We now briefly discuss properties of the operator (f,g) = (f-V)g. Let C;°(T; R?3) denote the
set of all smooth maps from T to R? which are periodic on T together with all their derivatives.
For any f,g,p € Cgo(']I‘;R3) such that V - f =0, it holds

<(f Vga L2 Z/fz 0ig dx— Z/fz Z.g] ‘PJ( )d

5,j=1

—((f-V)e,9)r2

The above computation can be formulated as the antisymmetry of the bilinear operator (g, h) —
((f-V)g,h)r2. Observe that, when we compose with the operator K¢ and so we consider the
operator (f,g) — ((K“f)-V)g, in order for the last term to be a well defined element of L?(T;R3)
it suffices to to require f € L?(T;R?) and g € H*(T;R?). Indeed by the properties of the operator
K, K°f is an element of L®(T;R3) and || K f||oc < C|f|L2, while Vg € L*(T; R3*3), therefore

[(E*f) - V)glz2 < C|f|z2lglm

In particular, we find that for any f € L?(T;R?) such that V - f = 0 (see later for the general
definition) and for any g, h € H'(T;R?) it holds

((K“f)-V)g, b2 = =((Kf) - V)h, g) 2
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This also allows to define ((K®f)-V)g for any f,g € L*(T;R?) as an element of the dual space
of H(T;R3) by setting

(K1) ¥)g) (h) = —((K*f) - D)h,g)pa Vh € H(T;R?)

The above relations already suggest a possible definition of weak solutions for system (3.13);
before giving the precise definition we need to introduce suitable function spaces.

Definition 3.1. A function f € L?(T;R3) is said to have divergence 0 in the sense of
distributions, or to be divergence-free, and we write V - f = 0, if

/T<f(a:),Vgp(:c)> dr =0 VeeCr(T) (3.16)

Remark 3.2. It’s easy to see integrating by parts that, if f is a smooth function with divergence
0, then it also has divergence 0 in the sense of distributions. It follows from the definition that
the elements of L?(T;R3) satisfying (3.16) form a closed subspace; moreover, identity (3.16) can
be extended to all ¢ € H'(T;R?), so that it can be interpreted as an orthogonality relation w.r.t.
to the subspace

G = {Vgo Cp € Hl(T;Rg) such that / o(x)dx = 0}

T
which is again a closed subspace of L?(T;R?) by Poincaré inequality.

Definition 3.3. We define H as the closed subspace of L?(T;R3) given by
H = {f € LX(T,R%):V. f = o,/f(a;)dx - o}
T

H is an Hilbert space, endowed with the scalar product of L?(T;R3); we denote by P the projector
from L2(T;R3) to H, called the Leray-Helmholtz projector. We define V := H N H'(T;R3),
which is an Hilbert space endowed with the scalar product (¢, ¥)y = (V, Vb)) 2. If we denote
by LZ(T;RR?) the subspace of L?(T;R?) given by the functions f such that Jp fdx =0, then by
the previous remark we have the orthogonal decomposition

LAT:R)=Ho G

Let v be a classical solution of (3.13); then since V-v = 0 for all ¢, V- 9yv = 0 as well. Applying
the projector P to both sides (we relabel P f by f for simplicity) we obtain the following system:

{c‘%v + P((K*) - V)v) = f (3.17)

V-v=0

Observe that the pressure p has now disappeared and we have a closed system for v. Moreover,
p is completely determined once v is known: taking the divergence on both sides of (3.13),, we
obtain

Ap=V-f—V-[((K*)- V)

which uniquely determines p once we impose the condition pr(t,l') dr = 0 for all ¢ > 0. For
this reason from now on we will focus primarily on solving system (3.17) and will only consider
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initial conditions for v, as these imply corresponding initial conditions on u and p. The second
equation of (3.17) can now be formulated as the fact that, for any ¢, v(t,-) € H; as for the first
one, if we define

B(v,w) = —P(((K%) - V)w)

then it can be written as
o = f+ B(v,v)

Remark 3.4. In the particular case f = 0 (no external forces acting on the system) the equation

becomes

o = B(v,v)
which has the structure (3.1) by the previous remarks. Here we can take D(B) = H*(T;R3).
We are now ready to give a definition of weak solution for system (3.13).
Definition 3.5. A map v :[0,7] — H is a weak solution of the Cauchy problem

{atv = B(v,v)+ f

0 (3.18)
v = 1

where vg € H and f € L?(0,T; H), if v(t) — vg weakly in H as t — 0 and for any ¢ € V it holds

0.9~ (0.9 = [ [ = (Blos). @) o5 + (F0). ] s

Equivalently, v as above is a weak solution if and only if, for any ¢ € Cp° (T;R3) such that
V- =0, it holds

[t o)~ [ (o). pla) do =
E B (3.19)

—/Ot/TQ((K%)(S,fC)'V)s@(w)],v(s,x»da:d.s+/OtA<f(s,x),¢(x)>dxds

We say that v is a strong solution if v is a weak solution, v(t) € V for all t € (0,7] and
v(t) = v(0) in H as t — 0.

If v is a strong solution of (3.18), then
d
%’U’%I = 2<atv7U>H = 2<B(vvv)7U>H + 2(/, U>H = 2<f>U>H

which implies that the function

1 t
B() = 5100l — [ (9. f(s)mds (3.20)
is constant. In particular we have the energy identity
1 5 ¢ 1
g~ [ (0() () mds = Gluoffy Ve 0. (3:21)

However, if v is a weak solution, then in general B(v,v) is not an element of H and therefore
the computation above does not hold; we need to weaken it to an inequality.
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Definition 3.6. A function v is a Leray weak solution of (3.18) if it is a weak solution and
satisfies the following energy inequality:

30O — [ (@), F)ds < Slulfy vee DT (3.22)

If the inequality (3.22) is strict, we say that anomalous dissipation of energy has occurred.
This is due to the fact that no friction terms appear in the equation and therefore there is no
precise physical explanation of why the energy balance is not satisfied. However, if the solution
is sufficiently regular, as for example if v is a strong solution, then the energy identity must
hold; the problem of understanding the precise regularity conditions needed for a weak solution
in order for the energy identity to hold is similar to Onsager’s conjecture for Euler equations.

Remark 3.7. From the energy inequality and the assumption f € L?(0,7T; H) we can obtain a
uniform bound on |v(t)|z: by the basic inequality 2(a, b) < |a|? + |b|? it follows that

1 t

FOF < gl + [ w016 < 5[l + [ 1@ Rds+ [P as

and so by Gronwall’s lemma

O < foof? + ¢ [ 17 ds
0

In particular, if T < oo, then taking C' = e’ we obtain the following uniform bound:

T
sup (o)l < C ooy + [ 17l ds) (3:23)
te[0,7) 0

which holds for any initial value vy and external force field f € L?(0,T; H). In a similar fashion,

using the inequality

%]v(t)P < ;\v0]2+/0 [v(s)] | f(s)] ds

and a Gronwall type inequality (see [21], Theorem 5, p. 4), if f € L*(0,+o0; H)NL2 (0, +o0; H)
and the energy controlled solution v is defined for all positive times, then
oo
sup o(6)| < ool + [ 17 s (324
t>0 0

In the remaining part of this section we are going to "translate" all the concepts introduced in
Fourier spaces, which is the formulation we will adopt when making explicit calculations. For
more details on the setting we refer to [22].

Recall that any function g € L?(T;R3) can be decomposed as its Fourier series, that is

g(x) = gre'™ where g = R / g(2)e 162 gy for all k € 77
™ T
kez3

Here for convenience we consider L?(T; C?) endowed with the rescaled scalar product and norm

—L x)g(x)ax 2 :L z)|? dx
)i = s [ S@a@) e, 11 = g [ 1@
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So that, defined e, = e!*) for any k € Z3, {er}rezs is an orthonormal basis of L?(T;C); in

particular it holds
972 = > loxl
kez3

A function g belongs to L?(T;RR?) if and only if g_j = g,, for all k € Z3.
Observe that {e} gives an orthonormal basis of eingenvalues of (I — aA):

(I—al)ey=(1+alkPe, Vkez?

This allows to define, for any o > 0, the operator K% = (I — aA)~! as

1
= —> Ka = _—
9 Ek 9k €k g Ek 11 alk? 9k €k

K% is a symmetric Hilbert-Schmidt operator, since

1
E a 2 _ 2 :
|K €k|L2— W<O@

keZ3 keZ3

Moreover, for any g € L?(T;C3), K®g € H?(T;C3), since

. . 1+ [k + AP
K0l = D20+ M+ PRl = 3~ o lowl” < 0Dl = Cll
k k k

If g € H'(T;C3), then its divergence has Fourier series

Veg=> V-(grer) =1 (gr k)ex

k k
By the uniqueness of the Fourier expansion it follows that

Vg=0& (gr, k) =0 VkeZ3

It’s immediate to check that the above condition can be generalized to g € L?(T;C?) and gives
a characterization of g being a divergence-free vector field. Therefore the space H corresponds
in Fourier series to

H = {g = (gr)rezs + Y lokl* <00, gk =Tk, 90 =10, (g, k) = 0}
while V' is given by
V= {9 = (gk)rezs = D k[P lgkl* < 00, gk = Gr» 90 =0, (gk, k) = 0}

For any k € Z3, let P, denote the orthogonal projection on k* (with the convention Py = 0),
then any g € L(T;C?) can be decomposed as

9=> gkex = > _ Pulgr)ex + Y _ Mkey
B B B



8.2 The deterministic equation and functional setting 67

where the first term is a divergence-free vector field and the A\ are complex coefficients such that
DI R <Y lgnl? < o0
k k

therefore the above is exactly the decomposition of g as a sum of an element of H and one of G
and the Leray-Helmholtz projector P in the Fourier space is given by

9=> grex = Pg=_ Pilgr)ex
k k

We now want to find the equivalent weak formulation of system (3.18) in terms of Fourier coeffi-
cients. Since any ¢ € C° (T;R3) can be arbitrarily approximated by trigonometric polynomials,
it suffices to check that (3.19) holds when ¢ = ey; but testing (3.19) agains {ey }x is equivalent to
comparing the Fourier coefficients on both sides of the equation. In this way we find an infinite
system of coupled ODEs for the Fourier coefficients of v. If

v(t,z) = Z vi(t)er(z) with (vg(t),k) =0Vt kand v =0
kez3
then, defined o5, = (1 + a|k[?)™!, we have
O = Z@kek, K% = Zakvkeka Vo = iZ(Uk; ® k) ey
k k k

and
3

B(v,v) = (K% - V)v = Z(K“v)ié)@fu = iZ(KO‘v, kEyvger = iZoh@h, k)ep vier
i k k,h

=1
=i on{on,k)operpn =1y ( > onlon, k‘>vk—h> ek
koh Kok

where in the last passage we have used the substitution k& = k+ h and (vs, k — ) = (vp,, k), since
v is divergence-free. Then applying the projector P we obtain

P((KQU . V)U) =1 Z Pk ( Z 0h<vh, k‘>vk_h> € = 7 Z ( Z O'h<7)h, k)Pk(Uk_h)) (3

k h k h

Since f is also of the form
flt.a) = ) filter(x) with (fu(t),k) =0tk and fo =0

kez3

then substituting everything in the equation (3.18) we obtain
> iker+iy (Z on (v, k>vk—h> ex =Y fren
k k h k

Comparing the Fourier coefficients we obtain the following infinite dimensional system:

Op = fr—1 >, onlvn, k)Pr(vi—p) Vk#0
heZ3

v9 =0, <Uk7k'> =0 (325)

V_f = Vg
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Observe that the series in the first equation is convergent, since for any fixed k

S onltwn k) PeCven)] < 1S fonllocnl < 613 fonl2) " (0 ecal?) = 1S ponl?
h h h h h

Let us show how the formal energy identity (3.21) translates in Fourier components: since
1 _
S0l = Z (O (F(2), 0(0)) 2 = S (filt). Ba(0)
k

we can define the function
B() = 5 S0 5u(t) = [ St (3.26)
k

and so deriving (assuming everything is regular enough) we obtain

E=Y R((ono) — > (s o)
k

k

= R((fr:Tk)) — Z(fkﬁ/& +) %( — iop (v, k><Pk(Uk—h)a@k>))
p

k,h

:—Z (fr,Tk)) +Z (Uh (vn, k kaha@k))
k

where we have used the fact that (Py(vg—pn),Uk) = (Vg—n, Px(Ur)) = (vg—p,Tk). Observe that
X fr, k) = —SS(f_k, U_k), so the first series is 0 as it contains terms that cancel each other. For
the second series we also have mutual cancellation since

on (v, K'Y (O _ s Uk ) = o (s k) (Ug—p, U

for the choice W' = —h, k¥’ = k — h. Therefore formally F is preserved. The problem with this
reasoning is that it requires the series

Z oh (Uh, k> <'Uk—h,§k>
k,h

to be absolutely convergent; however the condition
> gl < o0
k

corresponding to v € H, is not sufficient to ensure it. Instead if for example v € V, then the
above series is convergent, since

’ZU}L Uy k — B) (Uk—p, Vi) ‘ ZUh’Uh|<ZV€ Al [vg— h||vk|>
k,h
Sz:ah|vh|<z:|k—h|2|v/§_h\2) (Z|Uk|2)1/2
h . -
< (X at) (X P) (Z|k:|2|v,€|2)”2 <
h k &
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In this setting the energy inequality can be formulated as
1 2 t — 1 2
5 S k@ = [ > (fals),vr(s))ds < 3 > [or(0)* Vit € [0,T] (3.27)
k 0 % k

Similarly to Remark 3.7, the above inequality can be used to find uniform estimates on >_, vk (2)|?.

3.3 The stochastic Leray-a model

We are now going to introduce the model we will study, which is a stochastic perturbation of the
deterministic model of the previous section, obtained by adding a Stratonovich multiplicative
noise. Throughout the section we consider a filtered probability space (£2,{F:},P) and the
Wiener processes considered are all with respect to F;. We do not specify for now whether the
space (92, {F:},P) and the drivers are fixed a priori or if we can choose them (namely if we are
considering strong or weak solutions in the probabilistic sense). Such distinction will be made
clear in the next sections.

We want to study the equation

dv = fdt+ B(vdt + odW,v) = [f + B(v,v)]dt + B(cdW,v) veH (3.28)
where v is an H-valued process and W is an H-valued cylindrical Wiener process of the form

W) =S Wilt)er
k

where W), are a family of C3-valued brownian motions satisfying W_, = Wy, Wy = 0 and
(W, k) = 0. A more detailed description of the construction of W will be given later. Equiva-
lently equation (3.28) can be written as the system

{du+[(K%-V)v+vp—f]dt+((KaodW)-V)vzo
V-v=0

and it must be interpreted as an integral equation, i.e. v is an H-valued process such that
t ¢
v(t) = v(0) —i—/ [f(s) + B(v(s),v(s))]ds —|—/ B(cdW (s),v(s)) Ytel0,T] (3.29)
0 0

Remark 3.8. The term K*odW appearing in the second formulation could be written as od/V[7,
where W = KW is a trace class Wiener process with covariance (K)?2, so that we could work
with trace class Wiener processes instead of generalised ones. However we prefer to use W as
above as it does not depend on the parameter o chosen and allows to consider multiple systems,
depending on different choices of «, defined on the same probability space.

As before, we can define weak (in the variational sense) solutions of (3.29) by requiring the
relation to hold when we test it against functions in V.
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Definition 3.9. An H-valued process {v(t)},c[o,r) is a weak solution of the Cauchy problem

{dv = f + B(vdt + odW, v) (330)

v(0) = v

where vg is an Fy-measurable H-valued random variable and f € L?(0,T; H) is a deterministic
function, if P-a.s. v(t) — vg weakly in H and for any deterministic ¢ € V' it holds

d(w(t), e = [(f(t), ) — (B(v(t), @), v(t)) u]dt — (B(edW (1), ¢),v(t)) 1

With calculations analogue to the deterministic case, it can be checked that E' is still formally
preserved, thanks to the properties of Stratonovich integral. Therefore it makes sense to formulate
the energy inequality and the notion of Leray solutions.

Definition 3.10. A process v is a Leray weak solution of the Cauchy problem (3.30) if it’s a
weak solution and satisfies the energy inequality

sup 3100~ [ () v6)uds| < 5o Fas

t€[0,T]

If the energy inequality is satisfied, then the uniform bound (3.23) still holds. Passing to the
formulation in Fourier coefficients, with similar calculations to before we obtain the following
infinite system of SDEs:

dYy(t) = fi(t)dt — i Zh on P (Yi—n()) (Yn(t)dt + odWy(t), k) Yk #0
yo =0, (Ya(t), k) = (3.31)
Yoi(t) = Yi(t)

Observe that (odWj(t), k) = od(W},(t), k), so that it can be considered as an integration with
respect to a C-valued process. For more details on the conventions we adopted when extending
stochastic integration in the case of complex process, we refer to the appendix.

Let us now show the construction of the generalised Wiener process W. Set

J={keZ®:k >00r (kg =0,ky>0)or (kf = ko =0,k3 > 0)}

so that J and —J form a partition of Z3 \ {0}. Let {Wj}xes be a collection of independent
C3-valued standard Brownian motions (a C3-valued standard Brownian motion has the form
B =BW 4+iB@ where BM and B® are independent R3-valued standard Brownian motions).
Set

Wie=P(Wi)Vkeld Wy=W_,Vke—J, Wy=0

= Z Wi(t)er

keZ3

Then

has the desired properties. It can also be written as

W(t) =2 (coskx RWy(t) + sin kz SWi (1))
keJ
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Observe that by construction
(Wi, k) = (Pu(Wh), k) = (Wi, Pa(k))

with the last process being a C-valued Brownian motion with variance | P, (k)|?. In particular it
can be written as

(Wh, k)(t) = [Pn(k)|Bpk(t)

where {Bj, 1} is a family of standard C-valued Brownian motions. By construction By, and
By are independent whenever b’/ # +h, while B_j ), = Eh,k- The equations of system (3.31)
can be written as

dYi(t) = fe(t)dt—i ) on(Y(t), k) Pe(Vin(t dt—ZZUHPh NP (Yi—n(t)) odBpk(t) (3.32)
This formulation is very useful in order to compute the corresponding system of SDEs in Ito
form.

Theorem 3.11. Let {Yk}kez3\ {0} be a sequence of continuous and adapted processes defined
on (2, {F:},P) such that fOT e 1Y (t)]2dt < oo P-a.s. Then they solve (3.32) if and only if they
solve the following system:

dYk(t) = fk(t)dt — iZah Yh k‘)Pk(Yk h dt — ZZUh‘Ph |Pk Yi._ h( ))chJg(t)

3.33
—ZUMPh )? Pr(Pr—n(Ya()))dt Yk #0 (33

Proof. We are going to show that, if {Yj} solve system (3.32), then they solve system (3.33). The
other implication is analogue and only requires to go through the same calculations backwards.
Recall that, by the properties of Stratonovich integral, we have

1
Pk<Yk,h(t)> e} ch’k(t) = Pk (kah(t) e} chJg(t)) = Pk (Yk,h(t)chJg(t) + §d[Yk,h, Bh,k} (t))
Therefore it suffices to show that, for any h, we have
d[Yi—p, Bpi)(t) = —2iop| Py (k)| Pe—n(Y(t))dt

Using the fact that Yj_j, satifies (3.32), we obtain
d[Yr—n, Bnx| = —i Z o1l P (k — h)| [/ Py n(Ye—n—1) odByg_n, Bh,k]
; 0

= —i Z o1 Py(k — h)|Pi—p [/ Yi—h—1dBy g, Bh,k}
z 0

= —iop|Pp(k — h)|Py—n(Ye—2n)d[Bhx—n, Bnk]
— i0_p|P_p(k = h)|Pr—n(Yi)d[B_p k-, Bhx]

= —iop|Pr(k)| Pr—n (Yk72hd[Bh,k7ha Bp x| + Yrd[B_p g, Bh,k])
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where we used the fact that By, ; and By are independent whenever h' # +h. Observe that
by construction By = By, —p for any h; since By, is a standard C-valued Brownian motion,
and B_p = Ehk, we have

[Bh.k—hs Bhk] = [Bhi, Bogl =0, [B_pk—n,Bni] = [Bhg, Bng) = 2t
and so we obtain

3.4 The linear system

We are now going to study the following linearized version of system (3.33), together with
an initial condition Y(0) = y. Here y is the representation in Fourier components of a Fo-
measurable, square integrable H-valued random variable. Equivalently, it can be thought as a
collection {yx}yezs of C3-valued, Fy-measurable random variables such that yo = 0, y_j = Yy,
(yk, k) = 0 for every k # 0 and

Ellyl7] = > Ellyel’] < oo
k
So we are interested in studying the system

dYy = frodt — i35, on| Pa(k)| Pe(Ye-n)dBh g — Y-, 03| Pu(k) [ Pe(Pr—n(Ye))dt
Yo=0, (Yi,k) =0

Yo=Y

Yi(0) =

(3.34)

In the next sections we will see how Girsanov transform allows to pass from the linear system
to the nonlinear one. Notice that, if fOTE[|Y(t)|12LI]dt < 00, then the r.h.s. of equation (3.34), is
well defined. Indeed, for the Ito integrals, using the fact that [By, ., Byx](t) = 2tdp,;, we have

t 2
ED%:U}L\P}L(W/O Pk:(kah)ch,k’ }
= &[Sl BR[| (PYin), BV B, B
hl 0
23 IR | BT Plde
h 0

T
<2 Y [ Bt < o0
h
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and for the deterministic integrals

‘/0 > 07| Pu(k)]? Pe(Pe—n(Y2)))ds
h

<Y PP [ P(Pa(i)lds
h 0

T
<WP(X o) [ milds <o

h

In this section we shall deal with solutions of the stochastic system (3.34) that are strong in
the probabilistic sense, i.e. with a filtered probability space (2, {F;}+>0,P) and the Brownian
motions {Wk}ke s given a priori (and By, constructed from {Wk} as before).

Definition 3.12. Given y initial data as above, an energy controlled solution for the Cauchy
problem associated to system (3.34) is an adapted H-valued stochastic process, or equivalently
a family of continuous and adapted C3-valued stochastic processes {Y}}rezs, such that for all
t>0

D=+ [ i) ds — i Y ol Palh)| / (Vi () dBua(s)
h

— > ohl Pulk)? / Py(Pr—n(Yi(s)))ds (3.35)
n 0

Yo=0, (Vi,k)=0
Y—k:?k

and such that

Sup]{ Y5 () / Z fr: Yi)d } < Z lyel? P-as.
k

tel0,T

Theorem 3.13. For any Fy-measurable initial data such that E[|y|%] < oo and deterministic
f € L*(0,T; H), there exists an energy controlled solution of (3.35).

Proof. We construct the solution by means of a Faedo-Galerkin scheme. That is, we construct a
sequence of solutions of finite dymensional systems associated to (3.35) and we show that they
admit a convergent subsequence, whose limit is an energy controlled solution.

For any N > 0, consider the sets I'X, = {h € Z? : 0 < |h| < N,0 < |h — k| < N} and the system

(dYy = fudt —i Y on|Pu(k)|Pe(Yen)dBhy — Y 02| Pu(k)|2Pr(Pr_n(Ye))dt

helk, herk
Yo=0, (Yi,k)=0 (3.36)
Y,k — ?k
Yi(0) =k

for each k € Z3 such that 0 < |k| < N. We denote by y” the initial data with all components
with |k| > N set to 0. By linearity, the finite dimensional system of SDEs, together with the
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Fo-measurable initial data 3"V, has a unique global strong solution YV = {YkN ,0 < |k] < N}
every component is a continuous and adapted process and the energy identity holds:

sup {|YN<t>|%{— / Z<fk<s>,YiV<s>>ds}=|yN|%1s|yr%{ Pas.  (337)

te[0,7] 0 k| <N

Therefore by estimate (3.23) we obtain that for some C' > 0, independent of N, P-a.s.

sup [V N ()] < c(w% « ' |f<s>|%,ds> < c(|y|%1 -/ ' rf<s>|%1ds> (3.39)

(0,7

Since y is square integrable, it holds

el [ o] < or (s + [ 1ses) (3.39)

This implies that the sequence {YV} is uniformly bounded in L?(Qr, Pr,P7; H); this space was
introduced in Section 2.2 and from now on will be denoted by L?(Qp; H). Since L?(Qp; H) is
reflexive (it’s an Hilbert space), there exists a subsequence (not relabelled) YV and an element
Y such that YV — Y weakly in L?(Qp; H). In particular, for all k € Z3,

V¥ =Y, in L2(Qp; C?) (3.40)

We now consider the convergence of the integrals on the r.h.s. of (3.36),. Observe that, for any
fixed k, the operator from L2(Qr; H) to L?(Qp; C3), defined by

Z =Y on|Pa(k)] / Pi(Zr—n(s)) dBk(s)
- 0

is linear and strongly continuous, since

T
|E
0

2
dt

> onlPu(k)| /t Pe(Zg-n(s)) dBnk(s)
3 0

T t
:2/ Za,§|Ph(k)\2/ E[| Zy_n(s)|%] ds dt
0 3 0
2 r 2 2 2
<TUPY [ BN Zn(6) P ds = 2T P12
h

Therefore it’s also a weakly continuous operator, which implies that, for any k,

> / on| Pu(k)| P (YY) dBh g — Z/ahwh(k)ypk(ykh)ch,k in L?(Qp; C3)
nerk, 70 hezs 0

For the deterministic integrals, by similar reasonings we have

ALk / PuPen(V) dt = 3 oI Pa(k)P? / Pu(Pen(Yi)) dt

heTk, hezZ3
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Since yV — y pointwise in H and ||yV ||z < |lyllz, by dominated convergence ¥ — y in

L*(Q; H). Therefore taking the limit on both sides of equation (3.36); we find that Y satisfies
(3.35). Moreover, for any k the process

S P [ PLYin(9)dBrs(s)
h 0

is a continuous martingale, since it’s the limit in L?(Qp;C3) of the finite series, which are
continuous martingales by the properties of stochastic integral. Therefore Y is such that Y} are
continuous and adapted processes. This shows that Y is a solution; it remains to show that it is
energy controlled. Consider the set

A= {Z € L*(Qp; H) - |Z(t)|% —/ (f(s),Z(s)) g ds < |y|% for IF’T—a.e.(w,t)}
0

It’s easy to check that A is a convex set. It’s also strongly closed: if a sequence Z,, — Z in
L2(Qq; H), Zy € A, then [((f(s), Zn(s))uds — [4(f(s), Z(s))nds in L?(Q7;R) as well and so
we can extract a subsequence such that they both converge pointwise for Pp-a.e.(w,t); since
Zyn € A, this implies that Z € A as well. Since A is convex and strongly closed, it’s also weakly
closed; by equation (3.37), YV € A for all N and therefore Y € A as well. In particular, for P-a.e
w, the trajectories Yj(-,w) are continuous and there exists a set I'(w) C [0,7] of full measure
(thus dense) such that

Y(tw) - /0 (F(), Y (5,0))mds < [yl ¥ € D(w) (3.41)

Now let ¢t € [0,7] \ I'(w), then there exists a sequence t,, — t, t, € I'(w). By Fatou’s lemma,
since the trajectories Yy (-, w) are continuous,

n—oo

Y (t, )7 = Zk: |Yi(t, w)]* < lmgfzk: Vi (tn, w)* = liminf |V (tn, w)|%

and since the process [;(f(s),Y (s))u ds has continuous trajectories, similarly

tn

t
/O(f(s),Y(s,w)>Hds: lim (f(s),Y(s,w))y ds

n—oo 0

Therefore by taking the limit as n — oo, by density of I'(w) we obtain that inequality (3.41)
extends to all ¢ € [0, T]. Since the reasoning holds for P-a.e. w we obtain the conclusion. O

Remark 3.14. It follows from the fact that Y is an energy controlled solution that it satisfies
the energy bound

T
sup \Y<t>|%[sc<|y|%1+ / |f<s>|%ds) P-a.s.
t€[0,77 0

In particular, if the initial data y € L>°(Q; H), then Y € L>(Qp; H). Moreover, in this case the
proof of Theorem 3.13 can be carried out taking a sequence YV that converges weakly- to Y
in L>°(Qp; H).
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Remark 3.15. Since the process Y is such that, for P-a.e. w, its components Y, are continuous
and the trajectory Y (-,w) is uniformly bounded in H by Remark 3.14, we can also deduce that
the process Y has P-a.s. weakly continuous trajectories in H.

Before concluding this section, we make a few observations on the structure of system (3.34); for
simplicity we restrict to the case f = 0. Define the matrices

My, =Y o3| Py(k)| PuPep Py
h

where for any k fixed the series is absolutely convergent since ), a,zl < 00; define the operator
M :D(M)— H by
9=> grex > Mg=">_ Mgy ex

k k
For any k, M}, is a symmetric, nonnegative matrix, therefore M is a symmetric and nonnegative
operator as well. Observe that the last term in (3.34); corresponds to the action of —M on Y.
Indeed, —M corresponds to the operator A defined by formula (3.7) in the first section. What
is actually interesting and unexpected is the fact that operators K and M commute on the
domain of definition, since they share the same eigenspaces. It follows from (3.34) that in the
case f = 0 the functions E[Y}] satisfy

d

%E[Yk( )| = —ME[Y(t)]

which implies

E[Yi(t)] = e” "™ E[y]

which corresponds to equation (3.9). In particular, since Mj, is stricly positive on k. this implies
that E[Y}] is converging to 0 exponentially fast.

3.5 The covariance matrices

In this section we are going to show strong uniqueness (in the probabilistic sense) of the energy
controlled solutions of the linear model, whose existence was just shown. For simiplicity we will
restrict ourselves to the homogeneous case f = 0, since given two solutions Y and Z of the
inhomogeneous system, their difference Y — Z is a solution of the homogeneous one.

In order to show uniqueness of solutions, we will study the evolution in time of the covariance
matrices {Ay}czs defined by

Ap(t) = E[R(Yi(t) @ Yi(t))] = E[RY5() @ RY, ()] + E[SYi(t) @ SYi(t)]

Observe that, for any ¢ > 0, Ag(t) is symmetric and semipositive definite; since (Y (), k) = 0
P-a.s., Ag(t)k = 0, which can also be espressed as PyAi(t) = Ar(t)Pr = Ai(t). Condition
Y_ = Y}, implies Ay = A_j; moreover, by definition of Ay, Tr (Ax(t)) = E[|Yk( )|2]. Therefore
the energy inequality yields

ST Te(A(1) < Eflyl}] Vi >0 (3.42)
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We are now going to show the non trivial fact that the matrices { Ay} fullfill a closed system of
linear differential equations.

Proposition 3.16. For each k # 0, Ay satisfies
dA
=k ( Z o | Py (k (2PkAk—h(t)Pk — PPy p Ai(t) — Ak(t)Pk—th) (3.43)

Remark 3.17. Observe that the r.h.s. of (3.43) is well defined whenever {A} is a uniform
bounded sequence, since ||Py|| = 1 and Y, 07 < co. We know that {A;} enjoys better prop-
erties given by the inequality (3.42), but the equation would still be well defined without this
assumption.

Proof. We will actually show that the system (3.43) is satisfied by Ay = E[Y} ® Y}]; then the
conclusion follows by taking the real parts on both sides of the system. Recall that the tensor
product ® of Ito processes satisfies the property

Vi) @ Yi(t) = yp @Y + /Ot Yi(s) @ dY i (s) + /Ot dYi(s) @ Yi(s) + [Ye, Yi](t)

Using the fact that Y is a solution of (3.35) with f = 0, the identity becomes

YD) © Valt) =0 0T~ Rl F/Yk )@ Pu(Pe_n(V(5)))ds

- S / Pe(Pon(Yi(s))) @ T(s)ds + M(t) + Vi Vil (t)

where M (t) is a martingale starting from 0, given by a convergent series of stochastic integrals.
Using the property (Au) ® (Bv) = A(u®v)BT of the tensor product and taking expectation, we
find

E[Yi(t) ® V()] = E[ye ® ] — Zoh\Ph ( /0 E[Yi(s) ® ?k(s)]ds)Pk,th

t
_ Z O'h’Ph ‘ P.P,_ h(/ E[Yk(s) & Yk(s)]ds> + E[[Yk, Yk](t)]
It remains to compute E[[Y;, Y](¢)]. Y is a solution of (3.35), therefore

Ve, Vil(t) = > onoul Pa(k)|| P(k \/ Pi(Yi—n(s)) @ Pi(Y —1(s))d[ Bk, Bue)(s)
h,l

=2 IR [ P a() @ Vi (s) s
h 0

where we have used again [By,k, Bg|(t) = 2t and the property (Au) ® (Bv) = A(u ® v)BT.
Taking expectation and substituting in the previous equation we find that Ay = E[Y} ® Y]
satisfy

Ak(t) = E[yk ®yk] + ZJ}QL‘P}LU{:)P /Ot (2PkAk7h(s)Pk — Ak(S)Pk,th — Pkpk,hAk(S))dS
h

which gives the conclusion. O
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Remark 3.18. It can be shown with similar calculations that, defined
Ap(t) = ER(Yi(t) @ Yi(t))]

so that A, = Ay 1, the matrices Ay satisfy the following system of ODEs:

dA
Wk’l == bl Pu(k)PuPenAri— > ol Pa(D)* Ak PonPi+2 ) 0 (Pa(k), 1) PhAk—pi—n P
h h h

Observe the similarity of this equation and (3.43) to formula (3.11) which we found in the first
section; however an unexpected simplification has occurred, since the "diagonal" terms A of the

covariance operator E[Y @ Y] satisfy a closed system in which the non diagonal terms Ay ; with
k # 1 do not appear.

In order to show uniqueness of solution for system (3.35), we are going to show first uniqueness of
solutions for the equations (3.43). This is performed by showing a suitable comparison theorem;
to this aim we need to introduce some notions. Here p denotes the spectral radius and A > B
means that the matrix A — B is semipositive definite.

Definition 3.19. A family {Ax}rezs (o3 € C1([0,T],R**3) is admissible if A, = A], Ay k =0,

A_p = A for all k£ and
T
|3 plantenat < o
0 %

An admissible family is a supersolution of system (3.43) if, for all k,

dA
T:(t) > g ot Pu(k)|? <2PI<:Ak—h(t)Pk — PP p A(t) — Ak:(t)Pk—th>

Analogously, an admissible family is is a subsolution of system (3.43) if, for all k,

%(ﬂ < zh: op | P (k)] (QPkAk—h(t)Pk — PyPp pAg(t) — Ak(t)Pk—th>

Remark 3.20. It’s clear by linearity of (3.43) that Ay is a supersolution if and only if —Ay, is
a subsolution, and it’s a solution if and only if it’s both a supersolution and a subsolution. In
the admissibility condition we’ve used p, but we could have used any operator norm, since they
are all equivalent; however we can’t use the trace in general, since we are not requiring Ay to be
semipositive definite.

Theorem 3.21 (Comparison Theorem). Let {My} and {Ny} be respectively a supersolution
and a subsolution of (3.43) such that M (0) > Ny (0) for all k. Then My (t) > Ni(t) for all k
and for all ¢ € [0,T].

Proof. Define Ay := My, — Ni, then by linearity Ay, is still a supersolution of (3.43) and Ax(0) > 0
for all k; the conclusion is equivalent to showing that Ax(t) > 0 for all k and t € [0,7]. The
proof is by contradiction: we will assume that there exist k and ¢ € [0, 7] such that A (¢) has at
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least one negative eigenvalue; we will show that we can then construct inductively a sequence of
indexes {k,} and eigenvectors v,, of Ay, , with |v,| = 1, such that (z= = max{—=x,0})

T
/0 Z(vn, A, ($)vg) " ds = +o0

which contradicts the admissibility condition, since
T T
/ Z(vn,Akn(s)vnYds < / Z p(Ag(s))ds < oo
0 5 0 kez3

For any v, k and ¢t we introduce the following notations:
er(v,s) == —(v, Ag(s)v)~
)= [t oy
Lp(v) == {s € [0, T] : gx(v,5) <0}

Observe that ¢y (v,-) is strictly negative on I'y(v) and 0 outside; ¥y(v) < 0 if and only if
there exists some t € [0,7] such that (v, A(t)v) < 0, which implies that Ag(t) has a negative
eigenvalue. By hypothesis ¢ (v,0) = 0 for all £ and v; moreover (v, T) < 0, so we can deduce
that

/ 99k (4. 5)ds < 0 (3.44)
Ty (v) ot

Now suppose we have and index k = k,, such that ¢; admits negative values and let v,, = v be
a unitary vector that minimizes ¢y (among u such that |u| = 1). Since Axk = 0, we can assume
v € k*. By applying v to both sides of (3.43) and integrating over I'y(v) we obtain:

02/ 8Sz)k(fu,s)ds:/ <v,d—Ak(s)v>ds
ru(w) Of P ¥ At

> ZU%’P}L(]{)‘Q/F . (2(1}, PkAk,h(S)ka> — <7), PkPk,hAk(S)QO — <’U,Ak<8>P]g,th'U>>d8
h kY
~2 L airbr / (e a0 = o, Autsy) ) as

If we define the matrices

By, := / Ap(s)ds
I (v)

then by linearity of the integral we obtain

AN ((v, Bi_nv) — (Py_pv, Bm) <0 (3.45)
h
Observe that, by the properties of Ay, By, are such that Bph =0, By, = Bg and

T
IEIEDY / P < | otantsnas <
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In particular this implies that Bjy_j is infinitesimal as h goes to infinity and so in the series
in equation (3.45) some strictly negative terms must appear. Moreover, we chose v minimizing
Y (u) and it holds ¥ (v) = (v, Bgv) < ¢(u) < (u, Byu) for all unitary u, therefore v must be an
eigenvector of By, Brv = Av where A = A, < 0. Therefore there must exist some index h such
that

(’U, Bk_hv> — (Pk_hU,Bk’U> = <Pk_hv, Bk—hpk—h'U> — )\]Pk_hv|2 <0

where we used the fact that Py, Br_pPi_p = Br_p. Defined ky+1 = k:=k—handd :=
it holds
(0, Bfo) < A

therefore 1(0) < A and we can start again the procedure; this way we construct a sequence of
indexes k,, and unitary vectors v, such that the sequence

T
/ (Un, Ak, (S)vn) " ds
0
is strictly decreasing, which gives the desired conclusion. O

Corollary 3.22. The following hold:

i) (Positivity) If {Ag} is a supersolution s.t. Ax(0) > 0 for all k, then Ag(¢) > 0 for all k,¢.

ii) (Uniqueness) For any admissible initial data {ax}, i.e. such that ay = al, axk =0, a_j =
ar and ), p(ax) < oo, there exists at most one solution of (3.43) such that Ay (0) = a; for
all k.

Proof. Part i) is straightforward; for part ii), let Ay and By be two solutions starting at ay, then
by applying the Comparison Theorem, first with Aj supersolution and By subsolution, then
conversely, we obtain Ag(t) > By(t) and By (t) > Ax(t) for all k, ¢, which implies A = B. O

We are now able to state a uniqueness result for system (3.35).

Theorem 3.23. There exists at most one energy controlled solution of system (3.35), that is
given a filtered probability space (€2, {F;}+>0,P), a family of Brownian motions {Wk}ke J, an
initial data y and a deterministic function f as in Theorem 3.13, then any two energy controlled
strong solutions Y1 and Y to system (3.35) defined on (Q, {F;}¢>0, P) and with same initial
data y are such that, for any ¢ > 0,

YD) =Y®(@t) Pas.
In particular, if Y1) and Y@ are weakly continuous processes, then they are indistinguishable.

Proof. Define the process Y = Y1) — Y(2): by linearity Y solves system (3.35) with f = 0 and
initial data 0. Moreover Y () and Y3 both satisfy the energy inequality and therefore bound
(3.39), which implies that

T
| EveBa <o



3.5 The covariance matrices 81

Therefore the covariance matrices Ay, associated to Y are an admissible solution to system (3.43)
with initial data 0. The uniqueness result for these solutions implies that A, = 0 for all k, thus

EYW () - YO @] =ENY ()] = D Tr(Ak() =0
k

and the conclusion follows. O

Remark 3.24. For simplicity in the statement of Theorem (3.23) we have only considered
energy controlled solutions, but the proof actually shows that uniqueness holds under the weaker
assumption that Y is a strong solution of (3.35) satisfying the condition Y € L?(Qp; H), namely

/T]E[yy(t)@,] dt < % (3.46)
0

This also implies a (simple) regularity result: if Y is a weakly continuous solution such that
Y € L?(Qp; H), then it must necessarily satisfy the energy inequality.

We can now put together Theorems 3.13 and 3.23 and state the following comprehensive result.

Theorem 3.25. In the setting of Theorem 3.23, for any initial data y and deterministic function
f satisfying the usual assumptions, there exists a strongly unique energy controlled solution Y
to system (3.35). Moreover, such solution Y has P-a.s. weakly continuous trajectories. The
solutions continuously depend on the initial data y and the function f, namely if Y and Z are
solution of (3.35) respectively w.r.t. functions f and g and initial data y and z, then

T
sup Y (t) — Z(t)[3 < C(!y —2|H + / 1£(t) — 9(®)[% dt> P-a.s. (3.47)
te[0,7) 0

In particular, in the case of the homogeneous system associated to (3.35), i.e. with f =0, there
is linear continuous dependence on initial data.

Proof. Existence, uniqueness and weak continuity of trajectories have already been shown. If Y
and Z are energy controlled solutions of (3.35), then by linearity W =Y — Z is a solution of
(3.35) with initial data y — z and inhomogeneous term f — g. But W satisfies an energy bound
of the form (3.46) since Y and Z do so, hence by Remark 3.24 it is the solution and so the
energy inequality must hold, which yields (3.47). In the homogeneous case there must be linear
dependence on the initial data, since if Y and Z are solutions starting respectively at y and z,
then by linearity aY + Z is a solution of the homogeneous system with initial data ay + z and
by the previous reasoning it is the unique solution for such initial data. O

We can reformulate the previous result by introducing a suitable Banach space; this will also be
useful when discussing convergence in distribution of solutions in Section 3.6. Given a separable
Banach space E, consider the space of all weakly continuous functions:

C([0,T]; Ey) = {f :[0,T] — E weakly continuous}

endowed with the norm
[fllc = sup [If(D)le
te[0,T]

Observe that, if f € C([0,T]; Ey), then by the Banach-Steinhaus theorem necessarily || f|loo < co.
The following holds.
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Lemma 3.26. (C([0,T]; Ey), || - ||s) is a Banach space.

Proof. The proof is quite standard, but we give it for the sake of completeness. It’s clear that
|| - |loo is @ norm, so we only need to show completeness. Let {f,} be a Cauchy sequence, then
for any ¢t € [0,T] {fn(t)} is a Cauchy sequence in E and so it admits limit. So we can define
pointwise the function

f(t) = lim [ (t)

n—oo
Since {f,} is a Cauchy sequence, for any £ > 0 there exists n such that for any m > n,
| fm(t) — fu(t)||g < € for all t € [0, T]. Taking the limit as m — oo we obtain

LFOlle < 1F@) = f®lle + [ fa®le = lim [|fn(t) = f@le + 101 < e+ (| f@)]s

which shows that supy 71 [|f(¢)|[[g < cc. In a similar way it can be shown that

sup ||f(t) — fn®)|lg =0 asn — oo
te[0,7
In order to show weak continuity of f, it suffices to show that, for any ¢ € E*, t — @(f(t)) is
weakly continuous. By hypothesis, ¢ o f,, are continuous functions, and

sup [p(f(t)) —@(fu(®)| < [lellz= sup [[f(t) = fa()]lz — 0
te[0,T] t€[0,T]

and so by the analogue real result we can deduce that ¢ o f is continuous as it’s the uniform
limit of continuous functions; since this holds for any ¢ € E*, we can conclude. O

Since we have shown that, for any initial data y € L?(Q, Fo,IP; H) and f € L?(0,T; H), the solu-
tions Y are pathwise weakly continuous, we can regard them as random variables in C([0, T]; Hy,).
Theorem 3.25 and in particular equation (3.47) tell us that the map

L2(Qa]:0,P; H) X L2(O’T; H) - LQ(C([OvT]an)7 (y7 f) = (Y(t))tE[O,T}

that associates to (y, f) the unique energy controlled solution of system (3.35), is linear and
continuous.

In the remaining part of this section we are going to strengthen Theorem 3.21. While this is not
necessary in order to obtain the uniqueness result, it still gives information on the dynamics.
Let us first rewrite the system for the covariance matrices, which is given by

dAy

ZE(t) = Eh: 2| Py (k)[? (2PkAk,h(t)Pk — PuPi_pn A(t) — Ak(t)pk,hpk) (3.48)

Recall that we defined the symmetric, nonnegative matrices

My, = 4| Pu(k)]* PuPen Py
h
My, are such that Py M, = My P, = My; using the fact that Ax P, = PrAr = Ap, we can write
equation (3.48) as

dA
d—tk(t) =2 07 |Pu(k) PPeAr—n(t) Py — My Ag(t) — Ag(t)M;,
h
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By taking all the terms containg A on the r.h.s. and multiplying on both sides by e/ we
obtain

dA
etM (Mk;Ak(t) + =50+ Ak(t)Mk)eth = 237 6} Py (k) [Pt Py Ay () Pyt
h

Using the fact that P, and e!™* commmute since Py, and M, do so and properties of differenti-
ation, the above equality becomes

d
= (eth Ak(t)eth> =23 7| Pu(k) P Pee™e Ay (£)eM5 P (3.49)
h

and then integrating and multiplying on both sides by e *Mk it follows that

t
Ag(t) :e—thAk(O)e—th+2Za§|Ph(k)|2pk( / e(s_t)MkAk_h(s)e(s_t)Mkds)Pk (3.50)
h 0

This integral formulation of equation (3.48) is useful as there is no dependence on Ay in the
series on the r.h.s.

Remark 3.27. For simplicity we have done all calculation in the case of Ay solution of (3.48),
but equation (3.50) holds (respectively with > and <) also for supersolutions and subsolutions.
This is due to the fact that all operations applied in the calculations are order preserving; in
particular, since Mj, is symmetric, e?Mk is symmetric as well, and multiplying on both sides by
a symmetric matrix leaves the order invariant (more generally, if A > B, then for any C it holds
CACT > CcBCT).

Theorem 3.28. Let A;, and By, be respectively a supersolution and a subsolution of (3.43) such
that Ax(0) > By(0) for all h. If there exist ¢ > 0 and k such that Ag(t) = Bg(t), then

Ah(S) = Bh(s) Vh, Vs € [O,t]

Proof. As in the proof of Theorem 3.21, it suffices to show that if Aj is a supersolution such
that A (0) > 0 for all A and there exist ¢ > 0 and & such that Ag(t) =0, then Ay(s) = 0 for all
h and for all s € [0,¢]. We already know, by Theorem 3.21, that Ax(s) > 0 for all h and s; then
equation (3.50) applied to Ag(t) gives

t
0= e_thAk(O)e_th + 2 Z J%’Ph(k))‘Q/ e(s_t)MkPkAk,h(S)Pke(s_t)Mde
3 0

Observe that the first term and the integrands on the r.h.s. are both semipositive definite, so in
order for the r.h.s. to be 0 they must be 0; since e+ is invertible for any ¢, this implies that
A(0) =0 and PyAk_p(s)P, = 0 for any h such that |P,(k)| # 0, i.e. for any h ¢ span(k). This
implies, by applying again equation (3.50) to Ag(s) with s < ¢, that Ax(s) =0 as well.

We claim that, for any h such that PyAg_j,(s)P, = 0 and k —h ¢ k*, that is for any h such that

h ¢ Ty := span(k) U {k + k*}
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we must have A,_x(s) = 0. Indeed, we know that A _;(s)(k —h) = 0 and k — h ¢ k*;
PyAip_1n(s)P, = 0 implies that Ag_p, (k%) C span(k). If Ay_p(k*+) = {0}, then kerAy_j; has
dimension 3 and we can conclude. If Ay_j (k%) # {0}, then kerA;_j; has dimension 2 and
ImAy_p = Ap_p(k*) = span(k). Since Aj_j is symmetric, it is diagonalizable and therefore its
image must correspond to the eigenspace relative to the only non zero eigenvalue. But then k
is an eigenvector for Aj_y; since the orthogonal of an eigenspace must be invariant under Ag_p,
this implies that A_,(k*) C k+. But Ap_p(k*) = span(k), absurd.

So we have shown that, for any h ¢ 'y, Ax_p(s) =0 for all s € [0, ¢].

By iterating the same reasoning, this time starting from Ay_p(t) = 0, for h as above, we find
the conclusion. O

We immediately obtain the following corollary, which shows that equation (3.43) enjoys the
property of infinite speed of signal, that is any component Ay is affected at any time ¢ by the
inital value of any other component Ay (0), no matter how big the distance |k — h|.

Corollary 3.29. Let A, be a solution of (3.43) with non negative initial value, i.e. A,(0) >0
for all h, such that Ay # 0 for at least one k. Then Ay(t) # 0 for all h and for all ¢ € [0, T7.

Remark 3.30. This implies immediately that a similar property also holds for any Y}, solution
to system (3.35) with f = 0, since in this case Ay = E[R(Y} ® Y})] is a solution of (3.43). That
is, if the initial data y is not identically 0, then at any positive time ¢ there cannot be components
Yy (t) such that Yy (¢t) = 0 P-a.s.

3.6 Girsanov transform and the nonlinear system

We now consider the nonlinear system in Ito form

(AYy = frdt — iy on(Vi, k)Pe(Yiop)dt — i > on|Pu(k)| Pe(Yeop)dBpx
h

h
=Y 07| Pu(k)[* Pu(Pen(Ya))dt
h

(3.51)
Yo =0, <Yk7k> =0
Y = ?k
Yi(0) =y

We shall deal with solutions on any fixed finite time interval [0, T]; we will need to impose on
the initial data y a condition of the form

EQ[e‘SIy‘Z] < oo for some § > 0

as this is the easiest condition needed on y in order for Novikov’s test (in its second version) to
be successful, as we will see; observe in particular that deterministic initial data y € H, as well
as uniformly bounded initial data y, trivially satisfy such condition.

Definition 3.31. Given y as above and f € L?(0,T; H), a weak solution of system (3.51) is a
filtered probability space (€2, {Fi}iej0,7], @), an H-valued cylindrical Wiener process W’ and an
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H-valued stochastic process Y = (Yi)pezs on (4, {Fi}icpo), @), with continuous and adapted
components Yy such that for all ¢ € [0, T

_yk+/fk ds_zzah/ Yi(5). k) Pe(Yi—n(s))ds

—’LZO’h‘Ph ’/ Pk Yk h( chk Zah‘Ph |2/ Pk Pk h Yk )))d

Yo =0, < k( )7k>:0
Yo () = Yi(t)

where the Brownian motions B;L?k are constructed from W’ as before. We denote this solution
by (2, {Fi}iepo,m, @), Y, W’). Moreover, it is called an energy controlled weak solution if
it satisfies the energy inequality

sup {;|Yk(t)|2—/0 Zk:gk,yk)ds} gzkng Q-ns.

t€[0,T]

We now apply the Girsanov transform, which was introduced in Chapter 2. Let Y = {Y;}x be
the strong energy controlled solution of (3.35) with respect to Wiener process W. Define the

(1) = /0 WV (s), dW ()i = 3 /0 (Yi(s), dTW 4 (s)
h

Observe that, since Y_;, = Y}, and W_j, = W}, ¢ is a real process; by the properties of stochastic

process

integral it’s a martingale. Using as before the fact that W) and Wy are independent whenever
h # +k, [Wy, Wi] = 0 and [Wy, W](t) = 2t P, we can compute

= t S 2 S = t S 2 S
[so,so1<t>—2/0 > il 2/0 Y (5)3d

We have the following.

Proposition 3.32. Let Y be the strong solution of system (3.35) with respect to a given filtered
probability space (€2, {F;}+>0,P) and Wiener process W. Then

W'(t) =W(t) — /0 Y(s)ds

defines an H-valued cylindrical Wiener process on (€2, {F;}i>0, @), where the measure @ is
equivalent to P and

% — exp (1) ~ Gle D)) = exp ( / (¥ ) v () ds / "W ds) (3.52)

Proof. In order to apply Girsanov transform, it suffices to show that Novikov’s criterion is sat-
isfied. Since Y is an energy controlled solution, we know that

sup YOI < lyf% +C / I ds Pas.
t€[0,T]
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where C can be taken as C' = €. Therefore

T
sup Ep[eélY(tﬂfH] < exp (50/ |f(s)|2 ds) Ep[eﬂy‘%{] < o0
t€[0,T7] 0

Therefore Novikov’s criterion (in its second version) can be applied and the conclusion follows. [

Remark 3.33. Observe that, since e?()=1/2#l(t) ig a martingale starting at 1 and y is Fo-

measurable, then
Eo [eé\yIQ] — Ep [65\y|2ew(T)*l/Z[so,so](T)] — Ep [e5|y\2]

so that the condition imposed on the initial data y is left invariant by the Girsanov tranform.

Theorem 3.34. For any initial data y and function f as above, system (3.51) has an energy
controlled weak solution. Moreover, this solution is unique in law.

Proof. As far as existence is concerned, system (3.35) has a unique strong energy controlled solu-
tion defined on (2, {F;},P). By applying the Girsanov transform as in the previous proposition,
we obtain a weak solution ((Q2,{F:},Q),Y,W’) of (3.51). Moreover, since P and @ are equiva-
lent, the energy inequality must also hold @-a.s. and so it’s a weak energy controlled solution.
Regarding uniqueness, if there were two different energy controlled weak solutions of (3.51), then
again by Girsanov transform each of them would give rise to a weak solution of system (3.35) by
Girsanov transform. On the other side, by the Yamada-Watanabe theorem (see the appendix),
pathwise uniqueness for system (3.35) also implies uniqueness in law. By the equivalence of @
and PP given by the density (3.52) we deduce that uniqueness in law must also hold for (3.51). O

We can actually strengthen the result, by observing that the law of the solution must depend
continuously on y and f.

Theorem 3.35. Let ((Q, {F:},Q™), Y™, W™), be a sequence of weak energy controlled solutions
associated to initial values g, and functions f,, € L?(0,T; H). Assume there exist § > 0 and
C > 0 such that

|2

Egn [ <C Vn

and
Yn — y in distribution,  f,, — f in L*(0,T; H)

Then Y" — Y in distribution in C([0,T); Hy), where ((, {F:},Q),Y,W) is a weak solution
with initial data y and function f. Moreover, for any ¢ € [0,T], Y"(¢) — Y (¢) in distribution.

Proof. Since y, — y in distribution and H is a Polish space, by Skorokhod’s Theorem we can
consider a sequence {z,}, z of H-valued random variables defined on the same probability space
(€, G,P) such that y, is distributed as z,,, y is distributed as z and z, — z P-a.s. It holds

Ep [""] < lim inf Ep[e""] = lim inf Egn ["" '] < €

Now let W be a cylindrical Wiener process on H, on the probability space (€', G, P), independent
of the sigma algebra Gy generated by the variables y,,, and consider {H;} the augmented filtration
generated by Go and W. Since Ep[|z,]?] < oo for all n, we can consider the energy controlled
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solutions Z" of the linearized system with initial data z,, functions f, and driver W; similarly
for Z with initial data z and function f. By the continuous dependence on the data and the
hypothesis we have that

T
sup |Z"(t) — Z(t)|% < C<|zn — 24 +/ | fn(s) — f(s)ﬁ{ds) —0 P-as. (3.53)
t€[0,1] 0

that is, P-a.s. Z™ — Z in C([0,T]; Hy). We can now construct weak energy controlled solutions
of the nonlinear system by applying Girsanov transform to Z" and Z; the associated distributions
are given by

and similarly for Z. By the uniqueness in law, the solutions constructed this way must have the
same distribution as ((Q, {F:}, @"), Y™, W") and so it suffices to show convergence in distribution
for the first sequence. It follows from (3.53) and the fact that the stochastic integral preserves
convergence in probability that

dQr  dQ

Q . s
1P — 1P in probability

But then d@” /dP is a sequence of positive random variables such that

dQ"]:l, EP[dQ]:L aQ, ,

dP P dP

dP

E]p[ in probability w.r.t. P

and therefore dQ™/dP — dQ/dP in L*(€,P). Now let g be any continuous and bounded map
from C([0,T]; Hy) to R, then

n

e } — Ep [Q(Z)

—E-~
dP

Q[Q(Z)]

Esn[9(Z")] = Ep {g(zn) dQ}

dP
where we have used the facts that g is bounded, Z,, — Z P-a.s. and the densities converge in
L'. Therefore we can conclude that Y — Y in distribution as well.

The last part of the statement follows from the fact that, for any ¢t € [0, 7], the evaluation map

6 C(0, T Hy) = H [ f(1)
is continuous, and convergence in distribution is preserved by continuous functions. O

Remark 3.36. Observe in particular that the hypothesis of the theorem hold when we consider
deterministic initial data y,, € H such that y, — y in H.

We conclude this section with the following comprehensive remark; here we are not only referring
to results those of this section but also Sections 3.4 and 3.5. In the Fourier space formulation of
the Leray-a model, the only consequence of the choice of the operator K was the appearance
of the constants o = (1 + a|h|?)~! which have the key property that

> oh < o0

heZ3
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which is equivalent to K“ being a Hilbert-Schmidt operator. This was a fundamental feature in
order for the stochastic integrals to be well defined and the series to be convergent. It’s easy to see
however that all the proofs can be easily generalized to the choice of any other Hilbert-Schmidt
operator K whose eigenvectors are {ey}x. For example we could have considered

K= (I-aA)™?, K= (I-aA’)"! (3.54)

for any 8 > 3/4. More generally, given any nonnegative Hilbert-Schmidt operator K as above,
one can define a family {K%},~0 of Hilbert-Schmidt operators such that K¢ — I as a — 0 by
setting

K= (I+aK 1)

In fact, if Kej, = Ageg, Yp A7 < 00, then

Ak Ao \? 1 )
« = r E <7§
K- ex a+ A B (a—i—)\k) ~ a? p Ap <00 Va>0

All the results also easily generalize in other dimensions, once the operators K¢ are Hilbert-

Schmidt, which might depend on the dimension of the space. For example, in d = 2, if we chose
K® as in (3.54), then we would need 8 > 1/2; more generally in R? the condition becomes
B > d/4. The only result in which it was explicitly used the fact that we are considering
dimension d = 3 or less, and which would require a new proof in higher dimension, was Theorem
3.28 and the subsequent Corollary 3.29.



Chapter 4

Further results

4.1 Regularity of solutions

In this section we are interested in studying pathwise regularity of the solutions; we consider the
linear system (3.34), but the same results must also hold for the nonlinear one, by the equivalence
of the measures P and @) defined by the Girsanov transform. We already know that the solutions
can be regarded as random variables in C([0,T]; Hy). In order to find better regularity results,
we first need a suitable reformulation of the problem; the only reason this formulation had not
been adopted before, it’s because we were not aware of it when the previous chapters had been
developed. Recall that we have defined the spaces

H:{ueL%mR%:/

T

V:{ueH%mR%;/

T

uda::O,V-u:O}
udsz,V-u:()}
which can be identified in Fourier space as
H = {u: Zukek S U_g = U, U :0,uk-k:0,2]ukl2 < oo}
k k
V= {U:Zukek D U_p = Uy, UQ :O,uk'k:0,2]kl2\uk\2 < oo}
k

k

More generally, we can define the family of Hilbert spaces

H* = {u:Zukek:u_k = Uy, Up :0,uk-k‘:O,Z|k|2°‘ lug|? < oo}
k k

with inner product

(u, v)ma =Y [k[** (ug, V)

k

where « is a real parameter. We have HY = H, H' = V and for any a < 3, H? — H® with
continuous and compact embedding, see [22| for more details. In particular, for any a > 0,
H® <« H implies that H* — (H*)* with continuous and compact embedding as well. If we

89
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identify H with its dual by Riesz theorem, then (H®)* is identified with H™®. In particular

{u—Zukek U_p, = U, ug = 0, ug, - k—OZ"kk‘L }
Recall that the linearized system can be written in abstract form as
dY = fdt + B(odW)Y) = [f + AY]dt + B(dW,Y)
where the operator B is defined by
B(u,v) = =P[((K%) - V)v]

In general B(u,v) is not well defined as an element of H if v ¢ V. However we can regard it as
an element of V* by setting

B(u,v)(¢) = (K%) - V)p,v)p VoV
In particular, for any fixed v € H, the map u +— B(u,v), from H to V*, is linear and continuous:

sup |B(u,v)(p)l = sup [((K%u)-V)g,v)u| < sup [Ve|p2 vl [K%u|r~ < Clolg luly
lelv=1 lelv=1 loly =1

where we used the fact that K¢ : H — H? is linear and continuous and H? — C(T;R3) by
the Sobolev embeddings. The above estimate also shows that the map v — B(+,v) is linear and
continuous from H to L(H,V*). With a slight abuse of notation, from now on we will denote
by B also the map v — B(v) = B(-,v). We can actually strengthen the previous estimate by
showing that B is a continuous map from H to La(H, V™). Recall that

U—Zukek, U—kaekéBuv ——ZZ<Zah up, k) Py (vg— h))

Therefore for any fixed u € C? and for any [ € Z3 \ {0},

|B(uep,v)

(u, k)*
= o} e | Pr(vp—)|?
k

If for any | € Z3 we consider two orthonormal vectors U1, U2 in C3 such that span{u; 1, u 2} =
I+, then summing over [ we find

HB( ”L2 (H,V*) — ZZ ‘B Uy i€, v |V* Z |/€|2 ]Pk(vk_l)|2

Lk

<3 ool = (Zﬁ) o = Clol
Ik

l

This fact now allows to give a proper meaning to the stochastic integral in the equation

=[f+AY]dt+ B(dW,Y) = [f + AY|dt + B(Y') dW (4.1)
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Indeed, if Y is a predictable H-valued process, then B(Y') is a predictable Lo(H, V*)-valued
process and so a sufficient condition for

/0 B(Y(s)) dW (s) (4.2)

to be a continuous martingale in V* is

T T
| BB )] ds <€ [ BNV ds <0
0 0

and we know that the above condition is satisfied by the energy inequality, which holds for weak
solutions of (4.1). Recall that the operator A is given by

U:kaekHAv:—ZMkvkek (4.3)
k k

where

My, = op| Pu(k)]* PuPep Py
h

A is a linear and continuous operator from V to V*, and more generally from H® to H* 2, since
there exists a constant C such that || M|| < C|k|? and therefore

|Avffa-z = D[R [Myor? < C7 ) [k [ur]? = C?offie
k k

We can regard A and B as operators A : D(A) — V* and B : D(B) — Lo(H, V™), where
D(A) =V and D(B) = H are considered as subspaces of V*. In this way, the results we have
proved for system (3.34) can be actually formulated as the existence and uniqueness of weak

solutions of system
dY =[f + AY]dt + B(Y)dW

with respect to the notion of weak solution considered in [13], namely a V* valued process
satisfying the above equation in a suitable sense and such that Y € D(B) Pp-a.s. and

T
P( [ v + 1B DI, ds < oo> 1

Moreover, the solutions of (4.1) are strong, in the sense defined in [13], if an only if in addition

Y € D(A) =V Pr-as. and
T
]P’(/ |AY (s)|y+ds < oo> =1
0

p</0T|Y(s>yvds<oo> 9

which is consistent with our intuitive notion of what a strong solution should be, as well as

which would be satisfied if

the corresponding definition in the deterministic setting. In [13|, a third notion of solution of
problem (4.1) is considered, the so called mild solution. In order to define it, we first need to
study the semigroup generated by the operator A. We need the following lemma.
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Lemma 4.1. There exists constants 0 < ¢ < C such that, for all k € Z3\ {0},
clk|*P, < My < C|k|2P, (4.4)

Proof. We have

EZﬁMMMFHFhsmF<§jﬁ)I
h

h
which implies, by multiplying both sides by Py, that the inequality on the right of (4.4) holds

C:ZU}QL<OO
h

Regarding the other inequality, observe that for any fixed h, the matrix Py P,_p Px has eigenvalues
0, 1 and

for

ﬁik—hf
k| |k = Al

with the eigenspaces associated to 0 and 1 being generated respectively by k and k A (k — h),

00329k,k7h = <

whenever k and k—h are independent. In particular, since M}, is defined by a series of semipositive
definite matrices, and for each fixed k is always possible to find h such that 0 < cosQGk,k_h <1,
we can conclude that for fixed k there exists ¢ such that (4.4) holds; the same argument applies
for a finite collection of k. Therefore it suffices to show that there exists ¢ such that (4.4) holds
for all k sufficiently big, i.e. for all k& such that |k| > N for some N. Let us fix & and consider
a vector x such that |z| = 3 and (x, k) = 0. Let h(k) denote (possibly one of) the vector with
integer entries closest to z. Then necessarily |z — h(k)| < 1 and

My, > U;%(k)’Ph(k)(k)|2pkpk—h(k)Pk

1 ko h(k) 2) ko k—h(k) \2
>k2<1— L P Ll Iy
a0 G ) )G a)
3 ko k—h(k)\2

R § AP A S

- 4(1+16a)2| | <|k|’ ]k—h(k)\> b
where we used the fact that 2 < |h(k)| < 4 and (k, h(k)) = (k,h(k) — z) < |k|. Taking the limit
as k goes to infinity we obtain

lim inf >0

1
— M- —— P
k00 (\k\? FTA(1  16a)2 ’“)

This implies that, taking ¢ < 3/4(1 + 16c)?, we can find N sufficiently big such that (4.4) holds
with ¢ for all |k| > N. By the above reasoning we can then conclude. O

Corollary 4.2. A: D(A) c H* — H is a closed operator, with D(A) = H**?; in particular
there exist constants 0 < ¢ < C' < oo such that

clvlgatz < |v[pay < Clvlget2 Vv € Ho+2

We now recall a few concepts of semigroup theory, see for instance [23] or appendix A of [13]
and the references therein.
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Definition 4.3. Given a Banach space E, a family {S(¢),t > 0} in L(F) is a semigroup if
S(t+s)=S8(t)S(s) Vt,s >0, S0)=1I

It’s a strongly continuous semigroup if in addition, for any x € E, the map t — S(t)x is
continuous. A strongly continuous semigroup is contractive if

1S@) <1 Vt>0

Given a semigroup S, the associated infinitesimal generator A : D(A) C E — E is given by

Ay e lig 2HT—2

t—0t

for all  such that the limit exists

We also say that A generates the semigroup S, since the family {S(¢),t > 0} is uniquely
determined by A. Moreover, for any € D(A), the unique solution of the Cauchy problem

{u(t) = Au(t), t>0

is given by u(t) = S(t)x.

Definition 4.4. Given an operator A : D(A) C E — E, we denote by p(A) its resolvent set and
by R(\, A) = (A\I — A)~! the associated resolvent operator. We say that A is sectorial if there
exist w € R, 0 € (7/2,7) and M > 0 such that

i) p(A) D Spw = {A € C: ) #w, |arg(\ — w)| < 0}
i) RO\ A < 525 YA € S

Given a strongly continuous semigroup S, we say that it’s an analytical semigroup if its
infinitesimal generator A is sectorial.

Definition 4.5. Let A: D(A) C X — X be an operator on a (complex) Hilbert space X, with
D(A) dense in X. Then we define the adjoint of A, A* : D(A*) C X — X, by setting

D(A*) ={y € X : |(Az,y)| < Cy|z| Vo € D(A) for some constant Cy}

and A*y is defined as the unique element z such that (Az,y) = (x,z) for all z € D(A). An
operator A is said to be symmetric if

(Az,y) = (z, Ay) Va,y € D(A)

A is self-adjoint if it is symmetric and D(A) = D(A*). A self-adjoint operator A is nonnega-
tive (resp. nonpositive) if (Az,x) > 0 for all z € D(A) (resp. <0).

Definition 4.6. A: D(A) C X — X is a variational operator on an Hilbert space X if

i) There exists a Hilbert space V' densely embedded in X, a continuous bilinear form a :
V x V — R and some constants a > 0, A\g > 0 such that

—a(v,v) > alv)? — Xov[k YveV (4.5)
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ii) D(A) ={u €V :a(u,-) si continuous in the topology of X}
iii) a(u,v) = (Au,v) Yue D(A),veV

We also recall the following fundamental result, whose proof is omitted.

Proposition 4.7. Let A be a variational operator in H such that (4.5) holds. Then A generates
an analytic semigroup S such that ||S(¢)| < e, t > 0. Moreover, if A is symmetric, then A is
self-adjoint.

We are now ready to give a comprehensive statement on the operator A we are interested in.

Proposition 4.8. Consider the operator A : D(A) C V* — V* defined by (4.3). Then A is a self-
adjoint, nonpositive, variational operator which generates an analytical, contractive semigroup
given by

v = ka ep — S(t)hv = Z e My, (4.6)
k k
Proof. The expression (4.6) for the semigroup follows immediately from the fact that the equation
0(t) = Av(t)
implies that each component v, must satisfy
() = —Myvr(t)

which gives vy, () = e "Mk, (0) and so expression (4.6). The fact that A is symmetric follows
immediately from My = M, kT for all k£ and nonpositivity is given by

(Av,v) = =Y (Mo, ) = = Y M o2 <0
k k

By Proposition 4.7, in order to conclude it suffices to show that A is a variational operator with
Ao = 0. Recall that H is continuously and densely embedded in V*; consider the bilinear form
a: H x H— R given by

1
a(u,v) == W<Mkukﬂk>
B

It’s easy to check that a is bilinear and continuous; by Lemma 4.1
1
—a(u,u) = % W(Mkuk,ﬂk) > c; lug|? = ¢lul%

It’s also immediate to check that points ii) and iii) of Definition 4.5 are satisfied for D(A) =V. O

We can now go back to problem (4.1). Since A generates a strongly continuous semigroup S,
any weak solution of equation (4.1), with initial data y and external forces f given, must also be
a mild solution, namely it must satisfy the fixed point equation

Y(t) = S(t)y + /0 St — s)f(s)ds + /0 S(t — $)B(Y (s)) dW (s) (4.7)
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where the last term on the r.h.s. is a stochastic convolution. We won’t discuss here in detail
properties of stochastic convolutions, for which we refer to [13]. Let us only stress that it’s not
a standard stochastic integral, since the integrand depends on ¢ as well, and in fact the process

¢
:/ S(t—s)B(Y(s))dW (s)
0
is not a martingale. However, for fixed ¢, Z(t) = Z(t), where the process Z is given by

= /OS S(t—r)B(Y(r))dW(r)

and the last term is now a well defined stochastic integral. Indeed, since S(t—r) are deterministic
operators, there is no problem with the predictability of the integrand; by the inequality

15(t = $)BY ()l Loy < 1S = $) v B () acrvy < 1B ()l Loy

it’s easy to see that the conditions required on the integrand are satisfied. This has the immediate
consequence that E[Z(t)] = 0 and that several properties of stochastic integrals, like Ito isometry
and some basic estimates, still hold for stochastic convolutions. It follows from equation (4.7)
that the solution Y also satisfies

Y(t)—Y(s) = (S(t—s) — /St—r r)dr+/ S(t —)B(Y (r))dW(r)  (4.8)

We can now use this identity, together with Kolmogorov continuity criterion, to obtain regularity
results for the solutions. Observe that, for any v € H, the map ¢ — S(t)v is 1/2-Holder
continuous in the V*-topology. In fact, for any s < ¢t and for any v € H,

|S(t)v — S(s)v|ir < |S(t— s)v — v|3n

1 —(t—s
:ZwKe (E=o)Mk — Ty |?
k
1 —(t—s
S?ane (=M _ || oy, |

HMk”
<2t —s Z \kP

<20t — s Z o ?
k

where we used the fact that, for any nonnegative matrix M, it holds
¢

et 1 = | [ -aneas] < s
0

This implies that we can estimate the first term on the r.h.s. of (4.8) with

(S(t = 5) = DY (s)lv= < [t = s[/2[Y(s)|u



96 4. Further results

Regarding the second term, by hypothesis f € L?(0,T; H), therefore

t 1/2
<lt- /( [ 150t dr) < lt— o2 fl1
H s

and clearly a similar estimate also holds for the V*-norm. For the last term, we can use Theorem
(2.30) to obtain

‘/:S(t—r)f(r)dr

|| [ se-nswepave | <ce( [ise-nseos,e)”
I/ ) <es( ) Y

< 51&[([ Y dr)p/T

In particular it follows from the energy inequality that, if y € LP(Q, Fy,P; H), p > 2 then we
have a uniform bound on |Y (r)|% and so for a suitable constant we obtain

EU /St St —r)B(Y(r)) dW(r)’iJ < Ot — s|P/?

Putting together the previous estimates and the inequality |a + b+ c[P < 3P~1(|a|? + [b|P + |c|P),
as well as Kolmogorov continuity criterion, we obtain the following result.

Proposition 4.9. Let Y be the energy controlled solution of system (3.34) (respectively (3.51))
with given data y and f. Then for any p > 2, if y € LP(Q, Fy,IP; H), there exists a constant
C =C(p,y, f) such that

E[|Y(t) - Y(s)[2.] < C|t — s|P/?

In particular, Y is a-Holder continuous in V* for any a < % - ;1).

Remark 4.10. If y admits moments of any order, in particular if it’s deterministic, y €
L>=(Q, Fy,P; H) or there exists § > 0 such that E[e’[#] < oo, then we can conclude that
YeC %_([0, T);V*). This is actually a very intuitive result, since for the deterministic Leray-«
of Euler equations the existence of weak solutions Lipschitz in V* is known, see [7]. By the
properties of stochastic integral, it’s reasonable to expect the solutions of the stochastic system
to have "half" the regularity of the deterministic ones. Observe however that in the previous
calculations we used quite rough estimates: most of the time we only used contractivity of S,
which however has a very strong regularising effect. Therefore it is not to exclude that better
regularity results can be found, at least for sufficiently regular data y and f. For example, we

are still not able to show that the solutions are pathwise continuous in H.

Remark 4.11. The formulation (4.1) of problem (3.34) introduced in this section allows to have
a clear picture of the reason why introducing the operator K and a multiplicative noise odW
works so well in this setting. It is only thanks to the presence of the operator K“ that we can
define the map B : H — Lo(H, V™), which wouldn’t have this regularity otherwise; passing from
the Stratonovich formulation to the Ito one gives rise to the operator A, which as we’ve seen is
negative definite and generates an analytic semigroup. Indeed, A plays the role of a Laplacian
A: their domain of definition is the same, their graph norms are equivalent and they have a
common orthonormal basis of eigenvectors. This also implies that the interpolation spaces that
can be defined starting from the associated analytical semigroups (see [23] for details) coincide.
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4.2 Continuity on average and transition probabilities

In the previous section we have studied pathwise regularity of solutions, but we haven’t been able
to determine whether the solutions are pathwise (strongly) continuous in H. Here we provide a
weaker result, namely that the solutions are continuous in L?($2, F,P; H) with respect to time.
In this section, |- | and (,-) denote the norm and scalar product in H. As usual we consider
a fixed filtered probability space L?(Q,{F;}, F,P; H) and an F;-Wiener process W; for any
y € L*(Q, Fo,P; H) and f € L?(0,T; H), we denote by {Y (¢;y, f),t € [0,T]} the unique solution
of the linear system (3.34) with initial data y, external forces f and driver W. However, when
there is no ambiguity we will only write Y (¢). Recall that for such solution, the energy inequality
holds: .

sup (V{0 )P = [ ()Y (s} < o P

te[0,7

Observe that, for any fixed t, if we define the process Z(s) := Y (t + s;y, f), then Z is again a
solution of system (3.34), this time with respect to the filtration {Gs,s € [0,T — t]} given by
Gs = Fiys, driver W(s) = Wi(s +t) — W(t), initial data Y (t;y, f) € Go and external forces
r(t)f(-) = f(t +-) € L*(0,T — t; H). In particular by uniqueness, Z must satisfy the energy
inequality as well, which implies that for any fixed ¢ € [0, T], P-a.s.
s t
s (v = [0 < s 0P = [ 00 Y0 e a9)

This allows to prove the following lemma.

Lemma 4.12. For any initial data y € L?(Q, Fo,P; H) and for any f € L?(0,T; H), the energy
function

¢
B0 =BV 0P - [ (. v0)ar]
is a decreasing, right continuous function.

Proof. The fact that F is decreasing is an immediate consequence of (4.9). In order to show that
a decreasing function is right continuous, it suffices to show that it’s lower semicontinuous. The
function

t t
e[ [ Uy ea] = [ Eye) e
is continuous, since by Cauchy inequality and the energy bound

(f().E[Y()]) € N0, T3 R)

Therefore it’s enough to show lower semicontinuity of ¢ — E[|Y (t;y, f)|?]. Since Y(-;y, f) is
pathwise weakly continuous, by properties of weak convergence |Y(-;y, f)| is pathwise lower
semicontinuous. Then by Fatou’s lemma

E[|Y (t)]?] < E[ lim inf \Y(t)\z] < liminfE[[Y (1))’

which gives the conclusion. O
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It follows by properties of decreasing functions that E can have at most countable points of
discontinuity. In particular, since the second term in the definition of F is continuous, it follows
that the map

t = E[Y(8)]]

is right continuous and admits at most countable points of discontinuity. This is a key fact in
the proof of the following result.

Theorem 4.13. Let y € L*(Q,Fo,P;H) and f € L?(0,T;H) and consider the associated
solution Y (¢). Then the map ¢ +— Y (¢) is continuous from [0, T] to L?(2, F,P; H).

Proof. We divide the proof in several steps.

Step 1. The map t — Y (t) is weakly continuous from [0, 7] to L?(Q, F,P; H). Namely, if t — t,
then Y (t) — Y (to). This is equivalent to showing that, for any X € L?(Q, F,P; H), it holds

lim E[(X, Y (1))] = E[(X, Y (t))]

t—to

Since Y is pathwise lower semicontinuous, (X, Y (¢)) — (X, Y (to)) P-a.s.; by the energy bound
(XY (1)) < CIX|(A + Jy]) € LN(Q, F, P;R)

and so by dominated convergence we conclude.

Step 2. Recall that for general Hilbert spaces, z, — « if and only if x,, — = and |z,| — |z|.
Therefore in order to show that Y () — Y (to) in L?(Q, F,P; H), by the previous step it suffices
to show that E[|Y (¢)|>] — E[|Y (t9)|?]. Namely we only need to show that the function

t E[Y ()% (4.10)

is continuous on [0, 7. Since we already know that such function is right continuous and admits
at most countable points of discontinuity, we deduce that the same must hold for t — Y ().

Step 3. We claim that, if ¢ — Y (¢) is continuous at tp, then it must be continuous on [¢g, +00).
Let us first show how the claim implies the conclusion: since the map can have at most a
countable number of discontinuities, for any £ > 0 we can find a continuity point in (0,¢) and
therefore by the claim, the map must be continuous on [e,00). As the reasoning holds for any
e > 0, we find continuity on (0, +00), and continuity at 0 is given by right continuity of the map.

Step 4. It remains to prove the claim. We first give an heuristic idea of the proof and then
formalize it properly. Recall that, for any fixed ¢, the map (y, f) — Y (¢;y, f) is continuous (in
the usual spaces). Now assume that we have continuity at to, namely Y (¢;y, f) — Y (to;y, f) as
t — to. Then we can apply again the above map, for some s > 0, to find that Y (s; Y (¢; v, f), f) —
Y (s;Y(to,y, f), f) as well. But by uniqueness of the solutions we know that

Y(s;Y(t;9, 1), f) =Yt +s5y, f)

which implies that Y (¢t + s;y, f) — Y (to + s;y, f), which implies continuity at ty + s. As the
reasoning holds for any s > 0, we can conclude.
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The main reason why the above argument is incorrect is that the map (y, f) — Y(s;y, f) is
defined only for y € Fy and so it cannot be applied again to Y (¢;y, f) as predictability of the
process would fail. In order to make it rigorous, we use a coupling argument. Fix € > 0 and
consider the filtration Gy = Fsy¢,+. and the Gs-Wiener process Ws =W(s+to+e)—W(tog+e).
Then, for all t € (tg — &,to +¢), Y(t;y, f) is Go-measurable and is an admissible initial data for
system (3.34) with respect to the filtered probability space (€2, {Gs}, F,P) and the driver W. We
can therefore consider the unique solution of system (3.34) with initial data Y (¢;y, f) and external
forces 74(f), which we denote by }7( Y (t;y, f), 7e(f)). By hypothesis Y (¢t;y, f) — Y (to;y, f) in
L?(Q, Go,P; H) and by the properties of translations 7(f) — 7, (f) as t — to, therefore for any
5 > 0 it holds

Y(s;Y (ty, ), me(f) = V(s Y (to;y, ), 710 (f))

and in particular

E[Y (s;Y (59, /) m()P] = E[1Y (Y (to; v, £), 720 ()]

But by uniqueness in law Y (s; Y (t;y, f), 7(f)) must be distributed as Y (¢t +s;y, f) and similarly

Y(s;Y(tosy, ), 1, (f)) as Y(to + s;y, f), therefore
E[|Y(t+ s, /)] = E[Y (to+ 539, £)]

which implies by Step 2 that Y (¢t + s;y, f) — Y (to + s;y, f) as t — tg, namely continuity at
to + s. As the reasoning holds for any s > 0, we find the conclusion. O

Remark 4.14. It follows from the previous proof that the same result holds for the solutions of
the nonlinear system (3.51), for any initial data y such that E[e?¥] < oo and f € L2(0,T; H).
Indeed, since the solutions are still pathwise weakly continuous and the energy bound holds, it
suffices to show that the map t + E[|Y()|?] is continuous. Since this is a condition on the law of
the solution, which is unique, we only need to show it for a suitable weak solution of our choice.
In particular, if we construct the solution starting from the one of the linear system and applying
Girsanov transform, since the measures P and ) are equivalent, convergence in probability is
preserved. It follows then from Y (¢) — Y (to) in L?(Q2, F,P; H) that Y (t) — Y (o) in probability
with respect to Q; then the energy bound allows to apply dominated convergence to find that
Y(t) = Y(tp) in L3(Q, F,Q; H) as well.

A simple application of the previous result regards the transition semigroup associated to the

dynamics; for simplicity we only consider it in the linear case. Let us recall that, for any s < t,
the solutions Y satisfy the identity

Y(t)=95(t—-s)Y(s)+ / S(t—r)f(r)dr+ / St —r)B(Y(r))dW(r)

Then taking expectation, by the properties of stochastic integral we obtain

E[Y (t)|F] = St —s)Y(s) +/ St —r)f(r)ydr =E[Y(t)|Y(s5)]
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which shows that, for any initial data y and external forces f, the solutions {Y'(¢),¢ € [0,T]} are
markovian. We can also consider the maps

By Cy(H) = Cy(H), (P g)(z) = E[g(Y (5 2))] (4.11)

where Cy(H ) denotes the space of continuous and bounded functions from H to R, endowed with
the supremum norm, and Y (¢;x) is the solution starting at @ € H with external forces f = 0.
The family {P;};>0 is called the transition semigroup associated to system (3.34). Let us
actually show that it is a semigroup; first of all, it’s clear that Py = I. We must now show that,
for any ¢t > 0 and g € Cy(H), P g € Cp(H) as well. Indeed, if x,, — x, then for any ¢ > 0 we
know that Y (t;x,) — Y (¢;x) in L?*(Q, F,P; H), thus by dominated convergence (||gloo < 00)

(P g)(zn) = Elg(Y (£ 20))] = Elg(Y (5 2))] = (FPrg)(2)

which shows that P; g € Cp(H). Linearity of P; is immediate and

1P glloo < N9l

which shows that P, € L(Cy(H)) for all ¢ > 0. It remains to show the semigroup property,
namely P; o P; = Py;4. Let us make a quick remark: when defining the semigroup as in (4.11),
in order to construct the solutions Y (¢; x) we are choosing a stochastic basis (2, ¢, F,P) and an
JFi-Wiener process; however the definition is independent of such choice, since uniqueness in law
holds and the definition of P; only relies on the law of the solution Y (¢;2). In particular, the
semigroup property is a consequence of uniqueness in law: if we take consider a solution Y (¢; x)
and then we construct another solution, starting at Y (¢;x), with respect to a Wiener process

independent of F;, then the obtained process Y (s; Y (t;x)) must be distributed as Y (¢ + s; ).
It follows from Theorem 4.13 that, for any fixed g € Cy(H) and x € H, the map
t— (P g)(x)

is continuous. Indeed, for any fixed to, we know that Y (t;2) — Y (to;x) in L*(Q, F,P; H) as
t — to, therefore by dominated convergence

(P 9)(z) =E[g(Y(t; 2)] — E[g(Y (to; 2)] = (P 9)(z) ast— 1o
Together with the fact that P; g is continuous, this can be summarized as the fact that the map

(t,x) = (P g)(z)

is continuous for any fixed g € Cy(H). It can also be shown that the semigroup {P;} also acts
on By(H), where By(H) denotes the set of all bounded Borel maps from H to R, endowed with
the || - ||ooc norm. The proof is standard and is taken from [14].

Lemma 4.15. P,¢ € By(H) for all ¢ € By(H) and t > 0.

Proof. We start with ¢ = 1¢, where C' is a closed subset of H. For all n > 1 define

d(z,C")
z,C) +d(z,C™)

"= {r € H:d(@.0) > 1/n), pala) =
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Then ¢" is a sequence in Cy(H) such that, for fixed z, ¢,(x) | ¢(x) as n — oo. Consequently
by monotone convergence it holds

(Prp™)(x) | (Pro)(x) asn—ooVxe H,t>0

But ¢" € Cy(H), therefore " € By(H) and we can conclude that ¢ € By(H) as it’s the pointwise
limit of Borel maps. The rest of the proof is based on approximation techiques: we can extend
the result first to ¢ € 1, for any Borel set I', then by linearity to any simple function and finally
to any ¢ € By(H). O

It’s clear that, for any ¢ > 0, P; is a continuous and linear map also from By(H) to itself. The
fact that P; acts from Cy(H) to itself is usually referred as Feller property. Further properties
of the transition semigroup generated by system (3.34) (and system (3.51)) are yet to be studied
and could provide fundamental information on the long time behaviour of the system, such as
irreducibility and ergodicity. It is not known whether { P} satisfies the strong Feller property,
namely Py € Cy(H) for all t > 0 and ¢ € By(H).

4.3 Anomalous dissipation of energy

In this section we consider the linear system (3.34) in the homogeneous case f = 0 and initial
data y € L*(Q, Fo,P; H). As before, (-,-) and | - | denote the scalar product and norm in H and
{Y(t;y),t > 0} denotes the solution starting at y. We know that

sup Y (t;y)| < [y| P-as.
>0

This is a consequence of the energy inequality, which was initially introduced as a weakened
version of the energy invariance, which only holds formally, namely if the solutions are regular
enough. It’s therefore natural to investigate whether the energy is actually preserved by the
dynamics or if there exist some initial data y and time ¢ > 0 such that

B(Y (t:9)] < ly]) > 0

In this case we say that anomalous dissipation of energy has occurred. This problem was
initially studied for the deterministic Euler equations, where the existence of weak solutions
displaying such phenomenon was found by Shnirelman and later De Lellis, see [24] and [25].
From a physical point of view, anomalous dissipation is actually expected to happen, since the
solutions of Euler equations are believed to be turbulent, i.e. obtained as a vanishing viscosity
limit of the solutions of the corresponding Navier-Stokes equations. Numerical simulations hint
that the rate of dissipation of energy of the solutions of Navier-Stokes does not tend to 0 as the
viscosity does, which suggests that turbulent solutions of Euler equations should have a positive
rate of dissipation as well. Since uniqueness of weak solutions of Euler equations does not hold,
anomalous dissipation could then play the role of a selection principle of physically meaningful
solutions. It also gives important information on the dynamics, since a dissipative solution cannot
be too regular, in particular it can’t be a strong solution for all times; if anomalous dissipation
were to be shown for all initial data, this would imply that regular solutions blow-up in finite
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time. Evidence suggesting that our system should display anomalous dissipation is also given
by [26], where it was shown for a stochastic dyadic model with Stratonovich multiplicative noise
which enjoys properties very similar to our model. An heuristic explanation of dissipation of
energy can be given when looking at the dynamics in Fourier space: the energy is believed to
pass from lower to higher modes, faster and faster, in a cascade mechanism which leads to
some amount of it "escaping at infinity" in finite time; this can be also seen as some kind of weak
convergence which is not also strong and thus creates an energy gap. Anomalous dissipation
of energy could even be the cause behind well-posedness of our system: in models arising from
fluid dynamics, uniqueness may be broken by spontaneous generation of energy, such as the
appearance of vortexes, which could be caused by energy "entering from infinity". The role of
the noise could be preventing this type of phenomena to occur forcing the energy to "go in the
other direction", namely decrease in time.

Even if we haven’t been able to find a full answer for our system, we collect here the partial
results obtained so far.

Definition 4.16. We say that, for a given initial data y, the solution Y (-,y) is energy pre-
serving if E[|Y (t;y)|?] = E[|y|?] for all + > 0. Otherwise, the solution shows anomalous
dissipation of energy.

Remark 4.17. It’s easy to see that such definition is equivalent to the previous one: since
|Y'(¢; )| < |y| with probability 1,

E[[Y(ty)*] =E[lyf’] & [Y(ty)| =yl Pas.

However, Definition 4.16 is preferable for several reasons: it’s related to the deterministic function
t — E[|Y(t;y)[?], which is continuous and decreasing, and can be expressed in function of a
deterministic system, namely the covariance matrices of Section 3.5. Observe that the above
definition only depends on the law of Y(-,y) and not the particular stochastic basis or Wiener
process considered, so that it’s a well defined property of the initial data y (actually, of its law).
For this reason, even if we will restrict to JFy-measurable initial data, the definition could be
extended to any square integrable, H-valued random variable, as it’s always possible to construct
a cylindrical Wiener process W independent of it and then consider the solutions of system (3.34)
starting at y with driver W.

Remark 4.18. Even if for simplicity we consider the linear system (3.34), an initial data y € H
gives rise to an energy preserving solution of (3.34) if and only if it does for the nonlinear system
(3.51). Indeed, even in the nonlinear case the definition only relies on the law of the solution, so
that we can restrict to consider solutions constructed via Girsanov transform; since the measures
P and @Q are equivalent,

PIY Gyl =y =1 & QY Ey)l =ly)) =1
which also implies that
Ep[[Y (t;9)]*] = Ep[lyl’] & Eql[Y (t;y)I*] = Eql[lyl*]

The same holds for any initial data y such that Ep[e?¥*]] < oo for some § > 0.
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Since the function t ~— E[|Y(t;y)|?] is decreasing, for any y € L?(Q,F,P;H) the following
function is well defined:

F:LX(Q,Fo,PiH) =+ R, F(y) = lim E[|Y (t;)|]

Moreover, since the solutions depend continuously on the initial data, the same holds for the limit
and F' is a continuous map. It’s also locally Lipschitz: if y and z are such that |y 12, |||z < N,
then

[E[Y ()] = [Y (5 2) ]| SE[IY (ty) = Y (52)| Y (£ 2) + YV (t9)]]
E[|Y(ty — 2)P]2E[|Y (t:y + )] 2
E[ly— 2] 7 E[ly +22]?

2N [ly - 2|2

IN

I/\ IN

and the inequality still holds when passing to the limit as ¢ — co. By the energy inequality
F(y) < |lyll3. and by definition, Y (¢;y) is energy preserving if and only if F(y) = [jy[|3.. We
can then investigate the properties of some level sets of F'.

Proposition 4.19. Consider the subsets of L%(Q, Fy,P; H) given by

I':={y:Y(-;y) is energy preserving}
©:={y: F(y) =0}

then I' and © are closed subspaces of L2(Q, Fo,P; H).

Proof. Tt’s clear that I' and © are closed by continuity of F', we only need to show that they are
subspaces. In the case of ©, by the basic inequality |a + b|* < 2|al? + 2|b|? and linearity of the
solutions it follows that

Foy + Bz) < 2(0*F(y) + B*F(2))

which shows that © is a subspace. Consider now I'. Recall that in the proof of Theorem 3.13,
when we constructed the solution Y'(¢;y) on any finite interval [0,7], we employed a Galerkin
scheme, constructing a sequence YV of solutions of finite dimensional problems such that (in the
case f =0)

T
/E[|YN(t)|2]dt:TIE[|yN|2]
0
where ¥V denotes the projection of y on a finite dimensional space, and Y — Y in L?(Qrp; H).

Since L?(Qr; H) is an Hilbert space and YV — Y, Y — Y if and only if the relative norms
converge. But by hypothesis Y (-;y) is an energy preserving solution, so that

T
A]MYwmmﬁzTMmﬂ

and yV — y in L?(Qr; H), thus fo [[YN(t;9)?]dt — TE[|y|?] and we can deduce that YV
converge to Y in L?(Qr; ) This gives a characterization of energy preserving solutions: Y'(-;y)
is energy preserving if and only if it’s the strong limit in L?(Qp; H) of the sequence YV (-;),



104 4. Further results

for any 7' > 0. Since the map y — YV (-;y) is linear for any N, this implies that if YV (-;y) —
Y(-;y) and YN(-;2) = Y(-;2), then

YN(say+B82) = aY V() + BYN(+52) = oY (59) + BY (+52) = Y (-5ay + B2)
which implies that I' is a linear subspace. O

Remark 4.20. If we extended the definition of F' also to non Fy-measurable initial data, then
F would be invariant under the dynamics: given a solution Y'(-;y), for any ¢ > 0 the process
Y (t+ -;y) is still a solution, with initial data Y (¢;y) and driver V[N/(s) =W(t+s)—W(t), so
that
F(Y(t:y) = lim E[|Y(t +s9)]°] = F(y)
S5—00

It follows that, if we extended the definition of I' and © as well, being level sets of F', they
would be invariant under the dynamics as well. The problem with this reasoning is that it’s
unclear, if we considered initial data which are not measurable with respect to the same Fy, how
to treat their sum as a random variable; i.e. if we extended the definition of I and ©, it would
be unclear how to treat them as subspaces. Anyway, even restricting to Fp-measurable initial
data, the above result is quite surprising, especially in the case of I': we are able to deduce, from
properties of the laws of two initial data y; and yo, that the same property must also hold for
their sum g1 + yo, regardless of their joint distribution.

Remark 4.21. In a similar fashion, we can define the following subsets of H:

= {y € H:Y(-;y) is energy preserving}
={yeH:F(y)=0}

O =

and by the same proof, T and © are closed subspaces of H. It’s easy to see that, if y €
L?(Q2, Fo,P; H) takes values in f, then y € I': it can be checked that it holds for y simple and
then it can be extended to any y as above by approximation. Similarly, if y takes values in @,
then y € ©. However, we don’t have a proof of the converse implications.

We can now use the characterization of the energy preserving solutions obtained in the previous
proof to show that they enjoy a form of "stability" with respect to all other solutions.

Proposition 4.22. Let y € I'. Then for any z € L?(, Fo,P; H) and for any T' > 0 it holds

1 T
Bl )] = 5 [ B[V V(6] a (1.12)

Proof. We observed initially that the linear system (3.34), if f = 0, formally preserves energy;
this was the starting point for the introduction of the concept of energy controlled solutions. A
closer inspection reveals that the system formally preserves scalar products, that is if Y (¢;y) and
Y (t; z) are solutions, then formally (Y (¢;y),Y (t;2)) = (y,2). In particular, when we consider
the solutions YV (¢;7) of the Galerkin scheme, the previous equality actually holds and so

T
/0 (Y™ (t:), YN (£ 2))) dt = TE[(y", 2V)
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Since y € I', we know that YN (-;5) — Y(-;y) in L?(Q7; H). Moreover, YN(-:2) — Y (-;2)
and so by properties of weak convergence it follows that

YN, YN 2) 2apny = Y (39), Y (532) 2o

that is
T T
lim TE[(y",2M)] = lim [ E(YV(ty), YV (t2))] dt = / E[Y (t;y), Y (t;2))] dt
N—o0 N—o0 0 0
Using the fact that ¥ — y and 2V — 2 in L2(Q, Fo,P; H), the conclusion follows. O

Corollary 4.23. For any y € I and z € L?(Q, Fo,P; H),
E[(Y(ty), Y (5 2))] = E[(y,2)] Vt=0

In particular, I' and © are orthogonal subspaces of L?(Q, Fo,P; H); similarly, T and © are
orthogonal subspaces of H.

Proof. Fix t > 0; then by considering as usual W (s) = W (t + s) — W(t), Fs = Fips, Yt + 517)
and Y (t+s; z) are solutions with driver W and initial data Y (t;y), Y (t; z) € Fo. Moreover, since
y €T, Y(t;y) € T, which is defined as T' but with Fy-measurable initial data. We can therefore
apply (4.12) to Y (t;y) and Y (¢; z) to obtain

1 T T+t
B (69 Y (62)] = 5 [ B+ sp)Yorsa)]ds= 5 [ B[V (s0). Y ()] ds

and (4.12) also holds for E[(y, z)]. But then, observing that for any fixed ¢ > 0

T+t T
lim = / EIY (55)), ¥ (5:2)))1ds — / E[(Y (s:9)), Y (s: 2))))ds = 0

the conclusion follows. In particular, if z € © (respectively ©) then E[|Y (£ 2)[2] — 0, which
implies that
E[{y, z)] = lim E[(Y (t;y),Y (t;2))] = 0

O

Up to now, we have treated the problem of anomalous dissipation in a quite abstract way. This
is useful as the results obtained in this way are likely to be true also for similar models, but has
the drawback of not fully exploiting the structure of this particular one. Instead, from now on
we will approach the problem by studying the corresponding covariance matrices, which were
introduced in Section 3.5. Recall that they are defined as Ay = R(E[Yy(t;y) @ Yi(t;y)]), satisfy
the properties A = A_g, A = Ag and A, P, = P, A, = Ap and solve the system

dA
—= = QZUh\Ph )2 Py A Py — My Ag — ApMy (4.13)

where

My =Y o7 |Pu(k) [ PuPe—pn P
h
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The covariance matrices are a fundamental tool in the study of anomalous dissipation because
the energy function is entirely determined by them, since

E[|Y (t;9)] Z Tr(Ag(t)) Yt>0
In Section 3.5 we have already proved several results for system (4.13), in particular two com-
parison principles. We now need the following additional one.

Lemma 4.24. Let {A(t)}r be a supersolution of (4.13) with non zero, nonnegative initial data
{An(0)}. If there exist ¢ > 0 and k such that Ag(t) has rank at most one, then

Ap(s)=0 forallheZ3\0and s € [0,

Proof. We know by the comparison principle that Ap(s) > 0 for all h and s. In order to obtain
the conclusion, by Corollary 3.29, it suffices to show that Ag(t) = 0. Ag(¢) is a symmetric matrix
and Ag(t)k = 0, therefore it has rank at most one if and only if there exists a vector v, |v| = 1,
such that (v, k) = 0 and Ag(t)v = 0. Recall that, being { Ay }1 a supersolution of (4.13), it holds

t
Ap(t) > e Mr A (0)e M 4 Zaz|Ph(k)|2Pk< / e mIMe gy (s)e” (E9Me ds> P, (4.14)
h 0

Also recall that, for any symmetric semipositive definite matrix B,
Bu=0< (u,Bu) =0

Applying (4.14) to v we obtain
t
0> (e ™Mrv, Ap(0)e™ M)+ " ot | Pu(k)[ ( / (e My Ay (s5)e™ (7 Mry) ds)
h 0

Using the fact that all the terms are nonnegative and the property mentioned above, as well as
the continuity of ¢ — A (t), we obtain:

Ap_n(s)e™T=9Meyy — 0 Vb such that | Py (k)|* # 0 and Vs € [0, 1]

In particular, Ag_p(t)v = 0 for all h not belonging to span(k). If v ¢ span(k — h), this implies
that Ag_p(t) has rank at most one as well. Observe that if v € span(k —h), i.e. v = a(k—h) for
some a # 0, then 0 = (v, k) = a(|k|? — (h, k)), which implies that h belongs to k +k*. Therefore
we deduce that Ag_p(t) has rank at most one for all h such that

h ¢ Ty = span(k) U (k + k1)

Actually, the above reasoning holds even in the case we do not assume v L k, with the only
difference that we can conclude that Py(v) € ker(Ak_p)(t) for all A ¢ T'y. In particular we
can apply again the reasoning above, this time starting from v € ker(Ag_p(t)), to find that
Pi_1,(v) € ker(Ag(t)), since

hgéFk = —hgél“k_h
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If we are able to choose h such that k, v, Py_p(v) are independent, then since they all belong to the

kernel of Ag(t) we can conclude that Ag(t) = 0. In order to find such h, we give a characterization

of all h such that Py_p(v) € span(k,v). Recall that, since k and v are orthogonal and |v] =1, a

vector u belongs to span(k,v) if and only if

k
u = {u,v)v + (u, k>W (4.15)
and this is also equivalent to
E o\ 2
ul? = {u,0)? + (. ) (4.16)
Also recall that
k—h\ k—nh k—h\2
Popv =0 — Popv)2=1— (v, 2~
hoht =Y <v’\k—hy>]k—h\’ [Pl <”’yk—h\>
Therefore P;_pv belongs to span(k,v) if and only if
ko2
|Pi—n(0)]* = (Pi—n(v),0)* + <Pk,h(u), m>
kE—h\2/,k—h k\2
— |P._ 4 -
[Pn(@)l' + (v, |k—h|> <|]-c—h]’ |k:|>
Explicit calculations then lead to
k—h\2 k—h\2 k—h\2 kE—h k\2
(v |l<:—h\> = (v yk—h|> <<” \k—h|> +<|k—hy’m> )
The equation is clearly satisfied if (v,k — h) = —(v,h) = 0, i.e. if h L v. Otherwise we can

simplify and obtain

1= (v y::Z|>2+<\::ZH:\>2

But this is equation (4.16) applied to u = ﬁ, which implies that k& — h € span(k,v) and

therefore also h € span(k,v). Therefore we can conclude that
Py (v) € span(k,v) < h € (vt Uspan(k,v))
In particular if we take h € Z3 such that

h ¢ Ty Uvt Uspan(k,v)

which is always possible, since the above set is the finite union of affine subspaces of dimension at

most 2, then k, v, P,_pv are three independent elements of ker(Ax(t)) and we can conclude. [

Remark 4.25. It follows immediately that, if y # 0, then the corresponding solution Y (¢;y) is

such that the associated covariance matrices { Ax(t)} must have rank 2 for all k£ and ¢ > 0.

We are now ready to prove the following result.

Theorem 4.26. The following hold:
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i) If © # {0}, then © = H.
ii) If T # {0}, then [ = H.

Proof. 1) Suppose there exists a random initial data y € © \ {0}. In order to conclude, it suffices
to show that © contains a basis of H. The matrices Ay, associated to Y (¢;y) must satisfy system
(4.13); by the previous result, we know that rk(Ag(t)) = 2 for all k£ and ¢ > 0. Since y € O, this
implies that

lim Tr(Ag(t)) =0 (4.17)

t—o00

We can shift the solution Aj by setting gk(t) = Ag(t + s) for some s > 0 in order to find a
solution of (4.13) satisfying condition (4.17) and such that its initial data Az (0) = Ax(s) is made
entirely of matrices of rank 2. From now on we will denote gk by Aj for simplicity. We now
construct a deterministic initial data y € H such that

Ap(0) = R(yr @ Yy) = R(ye) @ R(yr) + S(yx) @ S(yr) Yk € Z\ {0} (4.18)

Since Ag(0) is a nonnegative, symmetric matrix of rank 2, there exists two orthonormal eigen-

(1) (2

vectors v, 7, v,”” with correspondent eigenvalues )\(1), )\22) > (0 such that
Ar(0) = )\l(€ ) v,il) (1) + )\1(62) v,(f) ® v,(f)

Observe that Ay = A_j, so that we can take v](:) = v(j{, and v,(fl), v,(f) form a basis of k.

Take J C Z? such that J and —J form a partition of Z3 \ {0} and define y € H by setting

ye = VAP0 i AP0 for ke g,y =g, for ke —J (4.19)

Then y is a well defined element of H, since
> Il = Z D) = D T (Ak(0) < oo
k

and it’s easy to see that (4.18) holds. We now claim that, for any fixed k, the elements

2 =1/ A,(j)(vlil)ek + U,il)e k)s 2k = )\](f) (w,(f)ek — w,g )e k)

belong to ©. Indeed, it’s immediate to check that the matrices {Bj,(t)} and {Cy(t)} associated
to 2z and Z; are such that

Bp(0) < Ap(0), CL(0) < Ap(0) Vh
which implies by the comparison principle that the inequality holds for all ¢ > 0 and therefore

ZTrBh <ZTrAh ) —0ast— oo

and similarly for Cj. This implies that zx, Z; € ©. The above reasoning also holds for

wy = )\,(62)(1),(3)% + v,(f)e_k), W = 4/ )\( )(wli )ek — zv,(gl)e k) € )
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and this implies the conclusion, since {zg, 2k, w, wk}k€Z3\{0} form a basis of H.

ii) Reasoning as in part i), starting from an element of I, we can construct y € H of the form
(4.19) such that y € [. As before, in order to conclude it suffices to show that T contains a
basis of H, since we know that it is a closed subspace of H. Now observe that, for fixed k, if
we consider the elements of H given by zp = yrer + y_re_i, Wp = y — yr then the matrices
{Bn},{Ch} associated satisfy

Ap(0) = Bp(0) + Cr(0) VheZ*\{0}

Linearity of system (4.13) and uniqueness of solutions imply that the above identity must also
hold for all ¢ > 0; taking the traces and summing over h we then obtain that

E[Y (t;9)I"] = E[|Y (t; 2)1*] + E[|Y (£, wr)P] ¥t 2>0

In particular, since no dissipation occurs on the l.h.s., neither can occur on the r.h.s., which

implies that 2z € T for all k. Now observe that we can decompose z as zp = z,gl) + Z}gz)’ where

(1)

2, = Ryw)(ex + e—k), z](f)

= iS(yr) (ex — e—k)
and it still holds that
R(z ©7) = Rz @20)) + R 020

which implies, reasoning as before, that necessarily z,(cl), z,(f) eT. Analogously it can be shown

that
wi? = Sy (ex + e—r), wD = iR(y)(ex —e—1) €O

which gives the conclusion as {z,(gl), z,(f), w,(gl), wl(f)}kezif\{o} form a basis of H. O
It’s clear that, if F=H (resp. @), then I' = L%(Q, Fy,P) (resp. ©). Moreover, reasoning as
before, it’s easy to extend the result to the nonlinear system (3.51). We would be tempted to
conclude that either the energy is truly invariant under the dynamics or 0 is the unique fixed
point, which asymptotically attracts all the solutions. Unfortunately, we are not able to prove
that at least one between I and © is different from {0}; a priori the system could exhibit a third
behaviour, in which the energy is never preserved but never fully dissipated and solutions only
"dissipate partially". Intuitively this clashes with markovianity of the system - if there were a
positive probability that some fixed amount of energy is dissipated between 0 and 7', then by
iterating it on the intervals [nT, (n+ 1)T] it should follow that the energy goes to 0 as time goes
to infinity; however, we haven’t been able to make this argument rigorous. Still, we can try to
collect information on the system under this third scenario, in the hope that it will lead to a
contradiction in the future. Let us define the bilinear map

T:HxH=R, T(xy):= lim B[(Y(t2),Y(ty))]
where the limit is well defined since by linearity

EL(Y (t:2), Y ()] = 3 (ELIY (52 + )] B[V (5.2 — )]
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The map T is continuous since
[E[(Y (t;2), Y ()] SE[[Y (t2)][Y(Ey)] < lelly] VE=0

By Riesz theorem, we can then regard T as a linear map from H to itself, by setting (with a
slight abuse of notation) (T'xz,y) = T(z,y) for all z and y. It’s immediate to check that T is
self-adjoint, positive definite and ||| < 1. The hypothesis I' = © = {0} implies that

0<(Tz,x) <1 VzeH\{0} (4.20)

We can also show that ||T'|| = 1. To do so, we employ the following fact, which can be found in
the proof of Theorem 4.26: for any y € L?(2, Fo,P; H), there exists § € H such that E[|Y (¢;y)|?]
and E[|Y (¢;9)|?] coincide for all ¢ > 0. Now let y be any element of H; by continuity of the map
t = E[|Y (t;y)]?], for any € > 0 we can find t. such that

E[Y (te; )] = (1 +¢) lim E[[Y (t;9)]]

Since Y (t.;y) is the initial data of the solution Y'(t. + -;y) w.r.t. to the usual shifted Wiener
process, there exists g. € H such that

E[|Y (5:9:)]"] = E[|Y (t: +s39)[*] ¥s2>0

which implies that

<Tg€7gt€> 1; EHY(tE +5§y)|2 _ 1

= 1m =
G=1? smee E[[Y(t5y)P] 1+e
and by the arbitrariness of € we deduce that || T|| = 1. Now let us define the following subspaces

of H:
Vi = {vex +7e_y v € C2, (u,k) :o}, ke 73\ {0}

For each k, V; is the subspace associated to the Fourier k-th mode; it’s a collection of 4-
dimensional real subspaces which gives an orthogonal decomposition of H. Again looking at
the proof of Theorem 4.26, we can deduce that

(Tx,y) =0 forallz € Vi and y € Vj, k# +h

which implies that each Vj is invariant under T'. T : Vi — V} is a symmetric, positive definite
map, which is therefore diagonalisable. As this holds for any V4, it follows that there exists an
orthogonal basis of H made of eigenvectors {e,} of T, with associated eigenvalues {\,} C (0,1).
Moreover, 1 must be an accumulation point of {\,}, since ||T'|| = 1. Also observe that, since
Vi are invariant under T, this operator commutes A; we do not know however if it commutes
with other operators playing a key role in the dynamics, as for example A. It follows from the
definition of T" that the functional x — (T'x, z) is invariant on average under the dynamics:

E[(TY (t;2),Y (t;2))] = lim E[[Y(t + s;2)") = (Tw,z) V>0
Moreover, (T-,-) can be regarded as an inner product on H and so

|zl == (T, 2) = |T"?z|
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is a well defined norm on H. However pay attention that we do not know if H is an Hilbert
space, namely if it is complete, w.r.t. || - |[7. By the open mapping theorem, (H,|| - ||7) is an
Hilbert space if and only if there exists ¢ > 0 such that ||z|7 > ¢|z|, namely if T2 is open
or equivalently if inf, A\, > 0. Observe that 7/2 (resp. T') cannot be compact, since 1 is an
accumulation point of {\,}. In any case, || - ||3 can be interpreted as some kind of energy. This
‘2

means that, under the hypothesis that |- |* is not preserved and 0 is not attractive, we are still

able to find a suitable energy which is preserved (on average) along the dynamics.

4.4 A vanishing noise limit

In this section, we are going to study what happens to the dynamics of the linear system (3.35)
when we consider a suitable small noise limit. Instead of (3.35), we are now interested in
considering the linear equation in H given by:

dY = fdt + /eB*(Y) o dW

where the index B® stresses the dependence on the fixed parameter a > 0, which determines
K“. The above equation in Fourier components becomes the infinite system

dYy = f kdt—MZoh!Ph )| Pe(Yi—p) © dBp i

and can be written in Ito form as

dYk—fkdt_Z\[ZUﬂPh )Pe(Yin)dBny — Y 0| Pa(k) ] Pu(Pre—n(Yi))dt  (4.21)
h

The components Y}, also satisfy the usual conditions Yy = 0, (Y}, k) =0, Y_;, = Y}. Here e is a
positive real parameter and the dependence on « is given by the constants o = (1 + a|h|?)™?
system (4.21) would not be well defined for o = 0, since the series

Z|Ph )? Pr(Pr—n(Y2)))

is not absolutely convergent. As in Chapter 3, it can be shown that for any initial data y €
L?(Q, Fo,P; H) and function f € L?(0,T; H) there exists a unique energy controlled solution of
system (4.21); as usual, it follows from the energy inequality that

T
sup (YO < (ol + [ 1f(6)Pds) Pas (422
t€[0,7] 0

where the constant C' does not depend on the parameters € and « chosen. We denote by Y **
the unique weakly continuous, energy controlled solution of system (4.21) associated to y and
f. As we are not able to define Y?¢, we investigate instead the following problem: is there a
suitable definition of ¢ = £(a) such that the sequence of solutions Y* = Y*4(®) admits a non
trivial limit in some sense as o — 077

Observe that the first term on the r.h.s. of (4.21) doesn’t seem to pose problems, as it is uniformly
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bounded, even without the coefficient /¢, thanks to (4.22). Instead for the second term, which
become ill-defined for o = 0, a natural way to make it at least uniformly bounded is setting

a) = <;Uh(a)2> o <;(1+al|h’2)2) B (4.23)

as in this way
T, gt T }
/ ]/ Zah|Ph V2P (P (Yi(s) ds’dt<T|k!2/ Yi(s)] ds < Ol
0 0

for a suitable constant C' independent of . Observe that by definition e(e) — 0 as a — 07,
so that in the limit we expect the noise to disappear. However, this does not imply that the
sequence {Y“} will converge as a — 01 to the solution of (4.21) with a = ¢ = 0, as we will see
at the end of the section. Let us define

ZUh\Ph )|? PPy n P

so that as usual system (4.21), with the choice € = e(a), can be written as

dY® = frdt —iv/e() Zah\Ph )| Pr(Y2 ) dBy g — M (Yy)dt

We want to understand if the matrices M admit limit as & — 07, namely if
. o 1
My := lim My’ = lim (Z ) foh|Ph )2 Py P, Py (4.24)

are well defined for all k; we would also like to compute them explicitly. To this end, we need
the following lemma.

Lemma 4.27. The following hold:

i) Let {x,}n be a real sequence such that =, — x € R; consider, for any > 0, a non
negative sequence {py ()}, such that: for fixed o, Y, pn(a) = 1; for fixed n, pn(a) = 0
as o — 07. Then

ii) Let {x,}n>1 be as in i) and consider a non negative collection {py,(«)},>1 such that: for
fixed a, >, pn(a) < oo; for fixed n, p,(a) — 0 as o — 0F. Then

lim (an(a)) _1(an(a)azn> =z

a—0t

iii) Let {pn(a)} be as in ii) and such that, for any fixed o > 0, the sequence {p,(c)}, is
decreasing; let {z,}, be a bounded sequence such that

1
lim — =
gy 2 =
n=1
Then

a—0t

lim (an(a)) _I(an(oz):vn) =z
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Proof. 1) For any € > 0, let n(e) be such that, for all n > n(e), z,, <z +¢e. Then

n(e)

an( fL‘n_ZPk a)rk + (z +¢) Z Zpk a)rg+x+e
n

n>n(e)

Taking the limit as o — 0T we obtain

n>1

and so by the arbitrariness of ¢ > 0 we conclude. For part ii), consider

(Zpk ) pn(a)

It follows from the hypothesis on p,(a) that p,(a) satisfies assumptions of part i) and the

conclusion follows. For part iii), consider y,, := %Zzzl Zg, so that y, — x; define p,(a) as in

ii) and
Pnla) = n(pn(@) = Pni1(@))

For fixed a > 0, {pn () }n>1 is non negative, since p,, () is decreasing; for fixed n, p,(a) — 0 as

a — 0T since pp(a) does. Moreover for fixed « it holds

oS ) © n
> 7ule) = S 07ule) < Fuae) = 325 ule) < Fuale) = 3 e)
n=1 n=1 n=1 k=1

Therefore {pn(a)} satisfies the assumption of part i). Observe that

n

0o 00 S
Z ynﬁn (a) = Z nYn (ﬁn( pn—H Z -Tk pn-i—l Z xkpk
n=1 n=1

n=1k=

But then it follows from part i) that

lim Ziﬂkpk = lim Zynﬁn(a) =z

a—0t a—0t
n

O

Now consider the sequence {op, ()}, with the vectors h € Z3 \ {0} ordered in an increasing way

w.r.t. the norm (i.e. such that n > m implies |hy,| > |hy,|). Then {ox(a)} with this ordering
satisfies assumption of part iii) of Lemma 4.27; defined T',, = {h € Z3 : 0 < |h| < n}, if we are

able to show that the limits

Nk_hm—Z]Ph N2 Pr_n

n—00 |F | fn
n
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exist, for all k£, then by Lemma 4.27 we must have
My, = PNy Py

(The lemma was stated for real sequences for simplicity, but it can be adapted to matrices by
looking at each component). For any u € R3,
(k=02 (uh)?

P S bt ALY A
k h(U) U |k— h’Q U ‘h‘g

+o0(1) = Py(u) +o(1) as h — o0

Therefore the limit Vg exists if and only if the following limit exists, and in that case they must
be equal:

N, = lim ‘F | > |Pu(k) PPy

n—oo
hel,

Since P, is a symmetric matrix, the limit Ny, if it exists, must be symmetric as well; therefore
it is characterized uniquely by the values (a, Nya), for a varying in R?, and it must hold

n—oo
hely,
Observe that, by definition of projection, P, = P, where h/[h| € S2={recR3:|z| =1}
We now exploit the following general fact.

Theorem 4.28 (Equidistribution on the sphere). The sequence {h/|h[},czs\ (0}, ordered in an
increasing way w.r.t. |h|, is equidistributed on the sphere. Namely, for any continuous f : $? —

R3 it holds
i o 3% 1) = 5 [ f@ot)

Applying Theorem 4.28 we obtain
(@.Na) = 1= [ 1P PIPs )P o) (4.26)
Since
|Po(B)* = |k[> = (k, )%, [Pu(a)]? = |al?* — (a,2)?
equation (4.26) becomes

2 1
|Z7‘T /SQ<I€,$>2dO'(CE) e / (k,z)*(a, z)*do(z)
(4.27)
We can now compute separately the terms appearing in (4.27). Observe that by simmetry

2
(a.Nia) = WPlal? = B [ ta.adota) -

1 1
E ) 337;33]' do = §6U

So that

SQ

1 1 ! af
i Jloaota) = £ oy [y dota) = 33 a2 =
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and similarly
1 Ll
— | (k,z)*do(z) =
i [, nadote) = 5

It only remains to compute the last term in (4.27). Again by simmetry it holds

/ (k,x)*ziv; do =0 = / vixjrl do Vi#j
52

52

1 1 1
— k)2(x,a)?d :—E / Yy do = — 2./ k)2z? d
gy 52<x, Yz, a)do gy “aa] S2<:):, Yorix; do ppm j a; Sz(x, yoxt do
1
_ 2 g 2 2 22
E kkla / T2 da—4ﬂ_ ;j kiaj/szxixj do

1,9,

By symmetry it holds:

1 4 1 4 1 4
— do = — do = — d
AT Jg2 ¥169 47 /52 g AT Jg2 T3 49
1 1
2.2 2.2 2.2
do = — do = — d
A - T1Ty A0 e . Tolg AT A /52 xrx3 aoc

1 3 6
12@ Sz(z%+x§+x§)2 dozﬂ S2:U‘1ld0+—7T 2323 do

Finally by explicit calculations we find

1 4 1 1
— xldazg, o SQx%x%da:—

Therefore

(a, Nia) = | !a\2+2<2 ] 47r/ g )

that is, Ny is diagonal with diagonal entries given by

1,1 1 1 1
(dl,dz,d3)=< [kf*+ % L k2+15 37*|k’2+ k2+ kit k§,3lkl2+15k%+15k5+5k§)
which can be written as
5 K 0 0
\k\I+15 0 k3 0 (4.28)
0 0 k2
Therefore we have finally found that
) E 0 0
g%l+<zaz> Zah|Ph |th_Nk_f|k:|I+15 0 k3 0 (4.29)
“ h 0 0 k2

and a similar expression holds for M} = P, N, P,. Observe that, since in finite dimensional spaces
all norms are equivalent, we have obtained that, for any k € Z3 \ {0},

lim, [|Mg — M| =0
Jim M — M|
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where by ||-|| we are denoting the operator norm for 3 x 3 matrices. The operator M : D(M) — H
defined in Fourier components by

9= grex > Mg:=>_ Mgyey
k k

corresponds to

2 2

where P is the Leray-Helmholtz projector and the last expression must be interpreted as

(07,05,03) (91, 92, 93) = (07 g1, D392, 03 g3)
We are now ready to prove the main result of this section.

Theorem 4.29. Let y € L?(Q, Fy,P; H) and f € L?(0,T; H) and denote by Y the solution of
system (4.21) with initial data y, external forces f, parameter o and () given by (4.23). Then
the sequence {Y®},~o converges weakly in L?(Qr; H) as a — 07 to the process Y given by

t
Y, = e My, 4 / eG=OMe 1 g (4.30)
0

Proof. The sequence {Y“},~¢ is uniformly bounded in L?(Q7; H) thanks to the energy bound
(4.22). Therefore we can extract a subsequence (not relabelled for simplicity) such that Y — Y
weakly for some Y € L?(Q7; H). Recall that Y satisfies

t
t):yk+/ fk(s)ds—z ZO’h|Ph ’/ Pk; Yk h( chk: / Mk Yk
0

We now want to study the weak convergence of the terms on the r.h.s. Recall that e(a) — 0 as
a — 07, while

T t 2
e[Sl [ o senasie)] ]
0 h 0
T t
=2 [ [ Solm el og e ds
< 2T|I<;]2/ ZE Y () ds = 2Tk PIY 320y < C
which implies that
t
Vve(a) Z on| P (k)| / P(Y& . (8))dBy x(s) — 0 strongly in L*(Qr; H) as o — 0
3 0

Now let us write the last term as

/ ME (Y (s)) ds = / My(Y2(s)) ds + / (M — My) (Y (s)) ds
0 0 0
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Since Y* =Y, Y;* = Y} in L*(Qr; C3). The operator from L?(Q7; C?) to itself defined by

Zy /0 My (Z(s)) ds

is linear and continuous, since

/OTEU/Ot Mk(Zk(S))dS’z} dt < TQHM;CH2/OTIE[Z,€(3)\2} ds

thus it’s also weakly continuous. Instead for the other term it holds

T t 2 T
[ E|| [ o - smogeaf | < i - a2 [ siveer s < ol - g o

which implies that
/ MX(Y2(s))ds — / M;,(Yi(s)) ds weakly in L*(Qp; C?)
0 0

Therefore the limit Y must satisfy the system of equation

i) =u+ [ s ds / M (Ya(s)) ds (4.31)

whose unique solution is given by (4.30). Since the reasoning holds for any subsequence of
{Y*}4~0, we can conclude that the entire family converges weakly in L?(Qp; H) to Y. O

Remark 4.30. In the case of a deterministic initial data y € H, the limit Y is a deterministic
function which solves the (uncoupled) system of equations

Vi = fr — Mip(Yz)
which correspond in the Fourier space to the partial differential equation

2 2
o — =Av — —

Observe that M, > %]kPI on k*, therefore the solution v of the above equation is smooth at all

stricly positive times.

We can give an alternative version of the previous result, which is the following.

Theorem 4.31. Let y, f, {Y*} and Y as above. Then there exists a sequence a,, — 07" s.t.
Y Y weakly in L?(0,T; H) P-a.s.

Proof. Tt follows from the energy bound (4.22) and the computations made in the proof of
Theorem 4.29 that we can consider a sequence a;, — 07 and a set I' C Q such that P(T") = 1
and for all w € I" it holds

ve(ay) Zah|Ph(k)] /0. Py(Y2 (w, 8))dBp g (w, s) — 0 in L*(0,T; H) as n — oo
h

sup sup |Ya”(w,t)|%[ <C
n tel0,T]
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Now let us fix w € I'. The second equation implies that the sequence {Y*"(w,-)} is bounded in
L?(0,T; H). Therefore we can extract a subsequence (not relabelled for simplicity) such that it
admits weak limit, say Z € L?(0,T; H). Recall that, as Y are solutions of (4.21), it holds

Vo) =)+ [ o) ds = iv/Ea) oAb [ P, 9)dBers)
h

_ /0 MO (Y (w, ) ds

The first two terms on the r.h.s. do not depend on n, so there is no problem with them when
taking the limit. As for the third term, it goes to 0 as w € T'; it remains to study the last term.
As in the previous proof, we write

/ ME(YE" (w,5)) ds = / MY (w, ) ds + / (Mo — MY (w,s))ds  (4.32)
0 0 0

Regarding the first term on the r.h.s., since Y, (w, -) = Z, weakly in L?(0,T;C?) and the map
from L2(0,T;C3?) to itself given by

X / Mi(X(s)) ds
0
is linear and strongly continuous, hence weakly continuous, it follows that
/ M (Y™ (w,s))ds — / My (Z(s)) ds weakly in L?(0,T;C?)
0 0

As for the second term, since w € T,

< CT?|MP™ — My|* — 0 as n — oo

H /0'(M,3n — M) (Y (w0, 5)) |

L2(0,T;H)

Therefore, passing to the limit as n — oo, Z must satisfy

Zk(t) = y(w) + /Ot fr(s)ds — /Ot My(Zy(s))ds te€[0,T), k€ Z?

and so Z = Y(w,-). Since the reasoning holds for any subsequence of {Y*"(w,-)}, it follows
that Y (w,-) — Y(w,-) weakly in L?(0,7; H). As this holds for any w € I', we obtain the
conclusion. O

Remark 4.32. It can be shown with similar techniques that, for fixed y and f, the map from
(0, +00) to L?(Qr; H), that associates to « the solution Y'®, is weakly continuous. It is then
possible to show, similarly to the last part of the proof of Theorem 3.13, that the following
enhanced version of the energy inequality holds:

1 t 1
sup sup [V~ [ (1), V() ds] < Gy Pas
a>0 t€[0,T] 0
In particular, if y € L*(Q,Fy,P; H) (for example if y is deterministic), then there exists a
constant K such that
sup [[Y |l 20,0y < K P-as. (4.33)
a>0
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Recall that B(0,K) := {g € L*(0,T; H)| |lg|lz2(0.7.1r) < K}, endowed with the weak topology
7w of L?(0,T; H), is a metrizable compact space; it will be denoted by H. It follows from (4.33)
that we can consider Y as H-valued random variables. Then the last result can be rephrased
as the fact that there exists a sequence o, — 07 such that Yo — Y in H P-as. Moreover,
it can be shown similarly that any sequence o,, — 07 admits a subsequence with the above
property. We can therefore conclude that the family {Y®},~¢ converges in probability in H to
Yasa— 0.

Remark 4.33. In all the computation we have taken o, = (1 + a|h|?)™! as these are the
coefficients related to the operator K. However all the computations above hold for any sequence
{on(a)}pezs such that the hypothesis of part iii) of Lemma 4.27 hold, namely such that

e >, 0(a) <ooforala>0

e For « fixed, the sequence {op, ()}, is decreasing with respect to its norm
e For « fixed, op(a) = 0 as h — oo

e For h fixed, op(a) > 1 asa — 0"

The only difference in the calculations is that e(a) must be defined accordingly to (4.23), as a
function of the chosen {op,(c)}; instead the limit matrices M}, and the weak convergence to Y
given by (4.30) remain unchanged. This suggest that the limit Y has some kind of universality.
An example of a different choice of oj,(a) we could have used is

1 3

= Tyape P71

which correspond to the operator K = (I —aAP)~!, A® being the fractional Laplacian.

Remark 4.34. The system considered in this section is fairly simple and the techniques employed
do not allow a generalization of the same results to the nonlinear case; still, it provides an easy
example of a family of systems which are formally energy preserving whose associated solutions
converge to the solution of a PDE in which a clearly dissipative term, namely the operator M,
appears. As the convergence is weak, we cannot deduce anything about the real behaviour of
the energy of the solutions of systems (4.21) for a small; yet it gives another reason to believe
that anomalous dissipation might occur.






Appendix A

Nuclear and Hilbert-Schmidt operators

Definition A.1. Let FE, G be Banach spaces; an element T € L(E,G) is said to be a nuclear
or trace class operator if there exist two sequences {a;} C G, {¢;} C E* such that

o
> lasllipsll < oo
j=1

and T has representation

o
Tx = Zajgpj(x) Ve e E
j=1

Remark A.2. The series ) | jajp;is absolutely convergent in the operator norm, so the sequence
Tn = 3771 ajp; converges to T in L(E,G). In particular T'is the limit of a sequence of finite
rank operators and so it’s a compact operator.

The spaces of all nuclear operators from F into G, endowed with the norm
T = inf {52, llagllles | < o0+ Ta = 532, aj05(2)]
is a Banach space and will be denoted as Li(E, G); Li(E, E) is denoted by Li(E).

Remark A.3. Let K be another Banach space; if T € Li(E,G) and S € L(G,K), then
ST € Ly(E, K) and STy < |SI|T]. In fact, if Tz = 5, az5(z) with 5, laglles] < oo,

then STz =}, Sa;jp;(x) with
> lSaslllell < D IS Hllaslliesl < 1517 llaglllesll < oo
J J J

and taking the infimum we obtain ||ST||;y < ||S||||T]1-

Let now H be a separable Hilbert space; by the Riesz representation theorem, T € Ly (H) if and
only if there exist two sequences {a;}, {b;} C H such that Tz = 3, a;(b;, z) and 3 |a;||b;| < oo.
Let {ex} be a complete orthonormal system in H; for T € Ly(H), we define the trace of T as

oo
TrT = Z(T@k, k)
k=1
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122 A. Nuclear and Hilbert-Schmidt operators

Proposition A.4. If T € Li(H), then Tr T is a well defined number, independent of the choice
of the orthonormal basis {e}.

Proof. Let {a;},{bj} C H be such that Tz = }_, a;(bj,z). Then

[o@)
(Tey, ex) = Z aj,ex)(bj, ex)
Jj=1

Moreover

o0 o0
Z](Tek,ek = Z\ aj,er)(b;,er)]
k=1

k=1

1/2 00
r<b]-,ek>|2) =S Jayllb] < oo
j=1

M2

[e's)
E G/], ek b]7 €k S
k=1 |j= J

00 o) 1/2
(S
1 =1

Mg

IN

NE

B
Il

1

<.

And so TrT is well defined. Finally
oo oo oo o0
S ena) = 33 o ea)en) = 3l
k=1 j=1 k=1 j=1
therefore TrT" does not depend on the choice of {ey}. O

Remark A.5. It follows that for all T' € Li(H), |TrT| < ||T|: for any {a;},{b;} such that
Tz =3 ;a;(bj,x) and 3, |a;]|bj| < co we have

T <Y [ag, b) <D lay][by]
=1 =1

and taking the infimum we get the conclusion.

Proposition A.6. If T'€ Li(H) and S € L(H), then T'S,ST € Li(H) and Tr T'S = Tr ST.
Proof. 1t suffices to show the equality. If Tz = > a;(bj,z), then STz = 3772, Sa;(b;, z),
TSz =322, aj(bj, Sx) = 3772 a;(S*b;, x) and

T TS = Zaj,sz; = (Sa;,b;) =Tr ST
7j=1 7j=1

O

Proposition A.7. A symmetric nonnegative operator T' € L(H) is of trace class if and only if
for an orthonormal basis {e;} on H

oo
Z(Tej,ej) < o0
j=1

Moreover in this case Tr T = ||T'||;.
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Proof. We will first show that T' is compact. Let T2 denote the nonnegatice square root of T’
(any symmetric nonnegative operator on an Hilbert space admits a square root, see for example
[18], Theorem 9.4-2, p.476). Then

(0.)

1/2 1/2
T sz(T Py, ei)e;

j=1

and

e}

= > Tz

N
2
(O ST

j=1 k=N+1
(o] o0
<z Y ITVPerlP = 2> > (Tep,er)
k=N+1 k=N+1

So T'/2 is the limit in the operator norm of a sequence of finite rank operators. Therefore T/2
is compact and T = TY/2TY2 is a compact, symmetric operator. Then by the spectral theorem
there exists an orthonormal basis {fi} of eigenvectors of T with eigenvalues Ay > 0,

o0
T = Aele. fi)fo (A1)
k=1
Since
(Tej, ej) Z)\k e],fk
we have
(0.9} oo o
TI“T:Z<T€]',€] ZZ)\k €j,fk Z)\k<oo
j=1 j=1 k=1
From this and the expansion (A.1) we conclude that T" is nuclear and TrT > |T'|;. But then by
Remark A.5 we get the conclusion. O

Definition A.8. Let U and H be separable Hilbert spaces with orthonormal bases {ex}, {f;},
respectively. T' € L(U, H) is said to be Hilbert-Schmidt if

[e.9]

T2 == |Tex|* < oo
k=1

Remark A.9. Since

Z ’Tek’2 ZZ Telwfj Z ‘T*fJ‘Q
k=1

k=1 j=1

the definitions of Hilbert-Schmidt operator and ||T’||2 are lndependent of the choice of the basis.
Moreover ||T'||2 = ||T%||2-

The set Lo(F, F) of all Hilbert-Schmidt operators from E into F, equipped with the norm

00 1/2
17 = (Z rTekP)
k=1
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is a separable Hilbert space, with the scalar product

<S, T>2 = Z<S6k, T€k>
k=

1

The double sequence of operators {f; ® e} ren is a complete orthonormal basis in Lo (E, F).

Proposition A.10. Let E, F, G be separable Hilbert spaces. If T' € Lo(FE, F) and S € Lo(F, G)
then ST € L1(E,G) and
STl < [1Sll20Tl2

Proof. Note that for any = in F we have

(e 9]

STx = (Tx, f;)Sf;

j=1

where {Sf;}; C G and x — (T'z, f;) = (x,T*f;) is an element of E* with operator norm |7 f;|.
Thus by the definition of nuclear norm

00 [e'e) 1/2 o0 1/2
15T < ST 51155 < (Z IT*fj\2> (Z rsm?)
j=1

Jj=1 Jj=1



Appendix B

Comparison of images of linear
operators

Assume we are given three separable Hilbert spaces Ey, Fo and E and two linear bounded
operators Ay : By — E, Ay : Ey — E. We will denote by A} : E — E; and A} : E — Ejy their
adjoint operators. For any = € Aj(E1), = # 0, consider the set

Al_l(:c) ={r1 € Ey: Ajx1 =z}

Observe that the set is convex, closed and does not contain 0. Therefore there exists a unique
point in A7 !(x) that minimizes the distance from the origin.

Definition B.1. The pseudo-inverse of Ay, denoted by Afl, is defined by
AT'e ={y € AT'@) : lyls, < |elm, V20 Az =)

Remark B.2. Observe that A7'(E) = {A[ 'z : 2 € E} is the orthogonal subspace to Ker(A;).
Moreover, Al_1 is a closed operator: let {x,} C Aj(F) be a sequence such that x,, — = and
Al_lxn — 1. Then, since A; is continuous and by definition Al(Al_lxn) = x,, we must have
x = Ayy; moreover A 'x, | Ker(A;) for each n, so y | Ker(A;) as well and y = A; 'z

We need the following lemma.

Lemma B.3. Let E, F, G be Banach spaces, B : D(B) — G with D(B) C F be a closed
operator and A € L(E, F) such that A(E) C D(B). Then Bo A : E — @G is continuous.

Proof. By the closed graph theorem, since B o A is defined on the whole space, it suffices to show
that it is a closed operator. Let x, be a sequence in F such that x,, — z in ¥ and BAx,, — z in
G. By continuity of A, Ax,, — Ax in F'; but B is closed, therefore we must have z = BAx. O

Proposition B.4. The following hold.

i) A1(E7) C Aa(E») if and only if there exists ¢ > 0 such that |A}| < ¢|A3| for all h € E.
ii) If |A%h| = |A5h| for all h, then A;(F;) = Ay(E2) and |AT h| = |A5 A for all h € Ay (F).
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126 B. Comparison of images of linear operators

Proof. 1) We first show that A;(FE1) C A2(E») if and only if there exists ¢ > 0 such that
{Aju : |u| <1} C {Agv : |v| < k} (B.1)

The "only if" implication is trivial, let us show the "if" implication. By hypothesis we have
A(E1) C D(A; 1) with Ay 1a closed operator, therefore by the previous lemma we have that
Ay LA, is a continuous operator; then there exists a constant ¢ > 0 such that

|A; Ajul < e Vu € B(0,1)

and the conclusion follows. Secondly we prove that (B.1) holds if and only if |Ajh| < ¢|ASh| for
all h € E. In fact if (B.1) holds, then

|ATh] = sup [(h, A1u)| < sup [(h, Agv)| = c|A3h|

lul<1 lv[<e

Conversely assume |Ajh| < c¢|A3h| for every h € E and that by contradiction there exists
up € Eq such that |ug| < 1 and Ajug ¢ {Asv : |v| < c}. Observe that by reflexivity of E, the
set {Agv @ |v| < ¢} is closed: if y, is a contained sequence such that y, — y, then let z,, be a
corresponding sequence in Fy such that |z,| < ¢ and Asz,, = y,. By reflexivity we can extract
a subsequence z,, — z, |z| < ¢ and so Ayz,, — Az =y.

So Ajug ¢ {Azv : |v| < ¢}, which is convex and closed; by the Hahn-Banach theorem there exists
h € E such that

(h, Ajug) > 1 and (h,Agv) <1 Vv :|v|<c

Thus |ATh| > 1 and |A5h| < ¢, contradiction.

ii) The first statement follows immediately from part (i); let us prove the second one. We can
assume KerA; = KerAy = 0 (otherwise we can take the restriction on the orthogonal complement
of the respective kernels). We have to show that if e € E is such that e = Ajhy = Aghg, then
|h1| = |h2|. Assume by contradiction that |hi| > |ha|, then

h
- Az(—?) € {Ay: o] <1} = {Ayu: [u] < 1}
|ha| |ha|
But ﬁ = A (%) and M—;‘ > 1, contradiction. O




Appendix C

Complex valued martingales

Here we define the notions we have adopted, throughout Chapter 3, regarding complex valued
martingales and complex valued stochastic integration. These may not be the usual ones, since
some of the extensions from the real notions are done by bilinearity instead of sesquilinearity.

If X and Y are C-valued random variable, then their covariance is given by
Cou(X,Y) = E[(X ~ E[X])(¥ ~ E[7)]
The map (X,Y) — Cov(X,Y) is sesquilinear and
Var(X) = Cov(X, X) = E[|X — E[X]?]
If X is a C"-valued random variable, then its covariance matrix Cov(X) is given by
Cov(X);j = Cov(X;, X;) Vi,j=1,...,n
In particular, for any v,w € C" it holds

v Cov(X)w = Z v;Cov(X;, Xj)w; = Cov((X,v), (X, w))

where (a,b) = ), a;b; denotes the R™ product extended by bilinearity to C™ (and it’s not their
hermitian product, that would correspond to {a,b)). Observe that, by the above relation, Cov(X)
is an hermitian, semipositive matrix. If we consider ® to be the real tensor product extended by
bilinearity to C", that is

a®b=NaRRNb— Ja® Ib+ iRa @ Ib + iTa @ RN
then the covariance matrix can be written shortly as
Cov(X) =E[(X — E[X]) ® (X — E[X)]
The elements on the diagonal of Cov(X) are real, nonnegative numbers and
R[Cov(X)] = Cov(RX) + Cov(JX)

127



128 C. Complex valued martingales

A C-valued process is a martingale if and only if, once we identify it with an R?-valued process
by the isometry = + iy ~ (z,y), we obtain an R?-valued martingale. Therefore M is a C-valued
martingale if and only if RM and SM are real martingales. Similarly, M is a C™-valued mar-
tingale if and only if ®M and SM are R™-valued martingales.

Let M and N be continuous, square integrable C-valued martingales, then their real and imagi-
nary parts are still continuous and square integrable and so it makes sense to define their cross
quadratic variation as

[M, N](t) = [RM,RN]|(t) — [SM,IN]|(t) + i[RM,IN](t) + i[SM, RN]|(t)
Moreover, since
M(t)N(t) = RM(t)RN (t) — SM(t)SN(t) + iRM ()SN(t)(t) + iSM(t)RN(t)

if follows immediately form the analogue real results that [M, N] is the unique predictable process
of bounded variation, starting at 0, such that

MN — [M, N]

is a C-valued martingale. If M and N are C"-valued martingales, then their cross quadratic
variation is defined analogously. Observe that, since the extension is bilinear, it’s still true that,
given A and B € C"*",

[AM, BN](t) = A[M, N](t)BT

Observe that it’s not true anymore that, if [M, M](t) = 0, then M is almost surely constant on
[0,¢]. In fact
{ [RM,RN] = [SM,SM)]
[M,M]=0<
[RM,3M] =0

which implies that ®M and SM must be independent, but not necessarily constant. For example,
if By and By are R"-standard independent Browniam motions, B := By + iBs, then [B, B] = 0.
However, if M is such that [M, M] = 0, then M must be almost surely constant. Moreover
|M|? — [M, M] is a real martingale.

We now define stochastic integration with respect to C-valued martingales. M is a square
integrable, continuous martingale if and only if the real processes RM and SM have the same
properties; similarly, a C-valued process X is predictable if and only if RX and 3X are, and it
satisfies suitable integrability conditions if and only if X and $X do so. Therefore it makes
sense, under the usual assumptions, to define

/XdM /%RXdS‘EM /\st M+z/ JXd%RM—f—Z/ RXdASM

It follows from the definition that the stochastic integral is still a C-valued martingale and it can
still be seen as a sort of Stieltjes integral, i.e. given a sequence of partitions of [0,¢] with mesh
At tending to 0, then

XdM = lim > X(M)(M(t),) — M(t")) in probability



129

It can be checked, comparing the respective real and imaginary parts, that the Kunita-Watanabe
identity still holds, that is for any M, N continuous, square integrable complex martingales, and
for any X predictable process (statisfying suitable integrability conditions),

. ¢
[ / XdM,N} (1) = / X(s)d[M, N](s)
0 0
It follows from the identity that, for any X and M as above,
t 2 ¢ _
E“/ XdM) } :/ X (s)|2d[M, M](s)
0 0

In particular if B is a standard C-valued Brownian motion, then [B, B] = 0, [B, B](t) = 2t and

EU/OthBH :Q/Ot X (s)|2ds

Similarly, if B is a C"-valued Brownian motion, then [B.B] =0, [B, B|(t) = 2tI.
The definition of the Stratonovich integral f(f X odM, as a bilinear extension, and its formulation
as a limit of sums are analogue.






Appendix D

The Yamada-Watanabe Theorem

The aim of this section is to present a suitable version of the Yamada-Watanabe theorem. The
main difficulty, not present in the finite dimensional case, is given by the existence of multiple
notions of solution of a stochastic PDE; for example in [13] a distinction is made between strong,
weak and mild solutions. Instead in [15] the concept of variational solutions is considered. This
implies that different versions of the theorem have to be employed, depending on the notion of
solution adopted. Here we restrict to the variational framework and we follow the exposition
given in [27]; for a proof in the framework of mild solutions, see [28]. We also stress the fact
that, in order to state a fairly general result, we will adopt a slightly different framework from
the one considered in Chapter 3; however the latter can be easily adapted to fit in the following
one. For this reason, the Hilbert spaces V, H, E and U considered in the following are general
spaces and not the ones defined in Chapter 3.

We start with the following preliminary lemma.

Lemma D.1. Let V and H be two separable Hilbert spaces such that V' C H continuously and
densely. Then V € B(H) and B(V)=B(H)NV.

Proof. In order to show that V' € B(H), it suffices to show that
BN::{UGVZ"U"/SN}

are closed sets of H; if that’s the case, then V' = UR_; By is a Borel set of H. Now fix N and
consider a sequence v, in By such that v, — v in H. Since v, is a bounded sequence in V', we
can consider a subsequence weakly converging to ¢ € V. Since V is continuously embedded in
H, this implies that v,, — © weakly in H as well, thus ¥ = v. Since the reasoning holds for any
subsequence, this implies that v, — v weakly in V and so, by the properties of weak convergence,
v € By. This shows that By is a closed subset of H for every N. For the second statement,
using the fact that V is densely embedded in H, analogously to the proof of Lemma 1.1 we can
find a sequence {vy, }, in V such that B(V) = o{(vy, )v,n € N} and B(H) = o{(vn, ), n € N},

which gives the conclusion. O
Let us now consider three separable Hilbert spaces V', H, F such that

VCcCHCE
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132 D. The Yamada-Watanabe Theorem

continuously and densely. By the previous lemma, V € B(H), H € B(E), B(V) =B(H)NV
and B(H) = B(E)N H. Setting |v]y = +oo for all v € H\ V, we can regard |- |y and a convex,
lower semicontinuous measurable function on H. Hence we can define the following path space:

T
B:= {wEC(R+;H):/ |w|y dt < oo for allT€[0,+oo)}
0

equipped with the metric

p(wy, ws) :ziQ‘k[(/khﬂl(t)wg(t)|vdt+ sup [wi (1) = wa ()l ) A 1]
k=1 0

te[0,k]

which makes it a complete metric space. We denote by B;(B) the o-algebra generated by the
maps 7s : B — H, s < t, where m4(w) = w(s).

Let U be another separable Hilbert space and let Ly(U, H) = Lo denote as usual the space of
Hilbert-Schmidt operators from U to H, with norm || - ||z,. Let

b:Ry xB—FE, oc:RyxB— Ly
be measurable maps (R4 x B endowed with the o-algebra B(R)® B(B)) such that, for all ¢ > 0,
b(t,-) : (B, By(B)) = (E,B(E)), o(t,-): (B,Bi(B)) = (L2, B(L2))

are measurable maps. Let (2, {F;}, F,P) be a stochastic basis, namely a complete probability
space (2, F,P) endowed with a normal filtration {F;}. Let W be a cylindrical F;-Wiener process
on U. If we fix an orthonormal basis {e}; of U, then W can be informally written as

W(t) =Y Bult)ex
k=1

where B, k € N are independent F;-Brownian motions on (2, F,P).
We consider the following stochastic evolution equation:

dX (1) = b(t, X (£))dt + o(t, X (£))dW (1), t € [0, +00) (D.1)

Definition D.2. A pair (X, W), where X is an F;-adapted process with paths in B and W is a
cylindrical Wiener process on a stochastic basis (2, {F;}, F,P) is a weak solution of (D.1) if

i) For any t > 0,
t t
IP’(/ 1b(s, X ()| ds +/ lo(s, X (s))]17, ds < oo> =1

0 0
ii) As a stochastic equation on E we have P-a.s.
t t

X(t) = X(0) +/ b(s, X(5)) ds + / o (s, X(5)) AW (s) for all £ € [0, +00)
0 0

Remark D.3. By the measurability assumptions on b and o, if X is as in the previous definition,
then both processes b(-, X.) and o(-, X.) are Fy-adapted.
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Definition D.4. We say that weak uniqueness holds for (D.1) if, whenever (X, W) and
(X', W') are two weak solutions with stochastic bases (2, {F:}, F,P) and (', {F/}, F',P'), such
that

as measures on (H,B(H)), then

as measures on (B, B(B)).

Definition D.5. We say that pathwise uniqueness holds for (D.1) if, whenever (X, W) and
(X', W') are two weak solutions on the same stochastic basis (2, {F;}, F,P) and with the same
cylindrical Wiener process W, such that X (0) = X’(0) P-a.s., then P-a.s.

X(t)=X'(t) foralltel0,+00)
Recall that, if J is an Hilbert-Schmidt embedding from U to another Hilbert space U, then W

can be regarded as a Q-Wiener process on U, Q = JJ*, by setting

o0

W(t) =Y Br(t)Jex

k=1

and in this case

/ o (s, X (5)) AW (s) = / o (s, X () 0 J~ TV (5)
0 0

so that the definition of the stochastic integral is independent of the choice of U and J. Below
we shall fix U and .J. We define

Wy = {w € C(Ry;T) : w(0) = 0}

endowed with the metric

p(wy,wy) := Z 2_k< sup |wi(t) — wa(t)|z A 1)
=1 te(0,k]
and the o-algebra B(Wy). For any t > 0, as before B,(Wj) denotes the o-algebra generated by
s : Wy — U, s < t, where ms(w) = w(s).

In order to define strong solutions, we need to introduce the following class of maps. Let £ denote
the set of all maps F' : H x Wy — B such that for every probability measure p on (H,B(H))
there exists a measurable map F), : H x Wy — B such that, for y-a.e. x € H,

F(z,w) = F,(z,w) for P?a.e. w e Wy

Here H x Wy is endowed with the completion of B(H)® B(Wy) with respect to u®@P?, where P
denotes the distribution of the Q-Wiener process W on (W, B(Wy)). F), is uniquely determined
p®@PRas.
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Definition D.6. A weak solution (X, W) to (D.1) on (Q,{F:}, F,P) is a strong solution if

—_pQ
there exists F' € & such that for any z € H, w — F(z,w) is measurable from B; (WO)P to B:(B)

for every t > 0 and
X = FL(X(O))(X(O)a W) P-a.s.

Definition D.7. We say that strong uniqueness holds for (D.1) if there exists F' € £ satisfying
the adaptiveness condition in Definition D.6 and such that:

i) For every cylindrical Wiener process W on a stochastic basis (2, {F:}, F,P) and any Fo-
measurable H-valued random variable £ the continuous process

X =Fpe(&W)

is such that (X, W) is a weak solution to (D.1) and X (0) = £ P-a.s.
ii) For any weak solution (X, W) to (D.1) we have

X = Frix(0)(X(0),W) P-as.
Remark D.8. Since X (0) is P-independent of W,
L((X(0),W) = L(X(0)) ® P9
therefore strong uniqueness implies weak uniqueness.

In this setting, the Yamada-Watanabe Theorem can be formulated as follows.

Theorem D.9. Let b and o as above. Then equation (D.1) has a unique strong solution if and
only if the following hold:

i) For every probability measure p on H there exists a weak solution (X, W) of (D.1) such
that £(X(0)) = p.
ii) Pathwise unigeness holds for (D.1).

We omit the proof, for which we refer to [27].
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