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0.1. INTRODUCTION 5

0.1 Introduction

This thesis concerns the semigroup theoretic treatment of deterministic and stochastic partial differential
equations. Such equations are key tools of mathematical modelling in many different fields such as physics,
chemistry, biology, population dynamics, neurophysiology, oceanography, image analysis and mathematical
finance among others. Stochastic partial differential equations describe the change in time of a system in
terms of the state of the system , taking additionally into account the influence of random fluctuations.
There are four approaches to stochastic partial differential equations, the martingale approach [Walsh 1986],
the variational approach [Pardoux 1972], [Krylov and Rozowski 1979], the wick product approach [Oksendal
1996] and the semigroup approach [Da Prato and Zabczyc 1992]. In this work we use the semigroup approach,
i.e we are dealing with stochastic evolution equations in infinite dimensional Hilbert spaces.
Let X be a Banach space and U, H two separable Hilbert spaces. Firstly, we focus on the linear inhomogeneous
abstract Cauchy problem

u'(t) = Au(t) + f(t), te€]0,T];

u(0) = =z,

where A is the infinitesimal generator of strongly continuous semigroup on X and f € L*([0,T], X).
Next we study its stochastic analogue, i.e the linear stochastic abstract Cauchy problem with additive noise
of the form

dX(t) = (AX(t)+ f(t))dt+ BdW(t), 0<t<T,

X(0) = &, (0.1.1)

where {W(t) }1e(0,r] is a U-valued Q-Wiener process and X is a random process with values in H. We will
impose sufficient conditions for the existence and uniqueness of weak solutions to the above problems.
Finally this abstract theory is applied to the qualitative study of deterministic and stochastic partial dif-
ferential equations. The two most important examples will be the linear heat equation with zero Dirichlet
boundary conditions

9u = Au, (t,x) € [0,00) x Q
u = 0, (t,x) € [0,00) x O
u(0,x) = ug(x), x€Q,

and its stochastic analogue

A X(1,€) = AeX (1) dt+dW (L) t>0, E€V
X(t,€) =0 t>0, €V
X(0,6) = 0, cev

where A is the Laplacian in the space variables.

Acknowledgments: I would like to express my deep gratitude to the supervisor of this work, Prof. Krav-
varitis Dimitrios, for his guidance, encouragement and support throughout the whole duration of my diploma
thesis at the school of Applied mathematics and pysical sciences of NTUA. Finally I have to thank my family
Panagiotis, Filio and Diomidis Kamoutsis as well as my partner in life Simos Meichanetzoglou. This thesis
could never have been taken the current form without their continuous and unconditional love and support.
This thesis is dedicated to them with immense gratitude.




CONTENTS



Part 1

Operator semigroup theory






Chapter 1

Semigroups of linear operators

The concept of a semigroup of linear and bounded operators is a natural extension of the exponential of
a bounded linear operator to the exponential of a possible unbounded linear operator. As we will see in
the first section the only continuous non trivial solutions of the Cauchy functional equation (1.1.1) are the
exponential functions e!® with ¢ € R and at the same time the exponential function of a n x n matrix A,
etd = > t"n’?n solves explicity the first order linear diiferential system u’ = Au by means of the formula
u(t) = e®u(0) . The extension to bounded operators is not complicated (see Proposition (1.2.6)), but in
order to consider the case of unbounded operators, a more elaborate theory is necessary and here is where
the new notion of semigroups takes place. The theory of linear semigroups tremendously emerged berween
1930-1960 through the major contributions of Stone, Hille, Yosida, Phillips, Lumer, Miyadera. The aim of
this chapter is to introduce the notion of operator semigroups and to present their most important properties.
Well known books in operator semigroups are [PZ], [E-N] and [GL], while two relatively new treatises are

[VR] and [BW].

1.1 Cauchy’s Functional Equation

The question: Find all the continuous functions 7' : Rt — C, which satisfy the Cauchy’s functional
equation:

T(t+s)=T(@t)T(s), foreach t,s € RT,
T(0) = 1. (1.1.1)

The answer: It is obvious that the exponential functions T'(t) = e, for some a € C satisfy the above
functional equation (1.1.1). We will show that these and only these are the solutions of Cauchy’s functional
equation. In the sequel, we will present two propositions which form the whole answer to our initial question.

Proposition 1.1.1. Consider the ezponential function T(t) = e, t > 0, for some a € C. Then, the function
T is differentiable and satisfies the following initial value problem:
d
—Tt) = aT(t
ST = aT()
T(O) = 1. (1.1.2)

Moreover, the function T : RT — C, T(t) = e, is the only differentiable function which satisfies the initial
value problem (1.1.2).

Proof: The first part of the proposition is obvious. We will now show the uniqueness. Consider another
differentiable function S : Rt — C that satisfies the initial value problem (1.1.2). For fixed ¢ > 0, define the
function:

Q:[0,t] = C, Q(s) =T(s)S(t—s), 0<s<t.

9



10 CHAPTER 1. SEMIGROUPS OF LINEAR OPERATORS
The function Q is well defined and differentiable in [0, ¢] with:

d

%Q(s) =aT(s)S(t—s)—T(s)aS(t—s) =0.
Therefore, Q is a constant function. Thus:

Q0)=Q(t) & T(t) = S(t), for each t >0

Proposition 1.1.2. If T : Rt — C is a continuous function that satisfies the Cauchy’s functional equa-
tion (1.1.1), then T is differentiable and there exists a unique a € C, such that: T(t) = e'®, for each t > 0.

Proof: Equivalently, we have to show that if a continuous function T : RT™ — C satisfies the Cauchy’s
functional equation, then it is automatically differentiable and there exists a unique a € C, such that the
initial value problem (1.1.2) is satisfied. To this aim, define the function:

¢
V:Rt —=C, V(t):/ T(s) ds, t > 0.
0

Then, V is well defined and differentiable in Rt with:

d
—V(t) =T(1).
V) =T()
Moreover, we have:
t
T(s) d
i YO iy T A8y oy = 1.
t—0 t t—0 t t—0

Thus, we can choose a suitable small tg > 0 such that: V(ty) # 0, i.e V(tg) is an invertible real number.
Therefore, by virtue of Cauchy’s functional equation (1.1.1), we have:

T(t) = V(to)_lV(to)T(t)=V(to)_1/0t0 T(s) ds T(t)
_ VWﬁlAmT@+ﬂ$_WW@1Z%HT@ds

= V(to) " (V(to +t) — V(t)), for each t > 0.

Since V is differentiable, T is also differentiable and

d . T(t+h)—T)T(0)
a0 = fim n
o T(h) —T(0) d
= }llgg)T(t)ih =T(t) %T(t) li—g -

This means that T satisfies the initial value problem (1.1.2), for a = £T(t) |,_,. Now, by virtue of proposi-
tion (1.1.1), T(t) = e** which completes the proof.

1.2 Semigroups Of Linear Operators

In order to understand and justify what will hapen, let us review the finite dimensional case. Consider the
equation
u'(t) = Au(t), teR
{ u(0) = x € R,

where A € B(R™). Observe that we can identify A with a n x n matrix (a;;)1<;, j<n Where each a;; is the
i-th coordinate of Ae;. Define the exponential matrix et4 = Y>° L4~ Simple computations show that

u(t) = !4z is the unique solution to the equation. Moreover, if we allow A to be a linear and bounded




1.2. SEMIGROUPS OF LINEAR OPERATORS 11

operator on a Banach space X, exactly the same calclulation (see Example (1.2.2) and Proposition (1.2.6))
shows that e*z solves the equation

{ u'(t) = Au(t), teR
u(0) = z € X.

Then it is straghtforward to represent the solution of the equation

{110 = A+ 50
u(0) = z € X,

where f : R — X is continuous, by the variation of parameter formula
t

x(t) = ez —|—/ e =)A ¥ (s) ds.
0

Notice that the essential properties of the function R > ¢ — T} € B(X), given by T; = e'“, we used in the
calculations are (compare them with the Cauchy functional equation)

Ty =1
Tivs =TiTs Vi,s€R

and the fact that the map R 5 ¢t — Tyx € X is continuous for all z € X. In order to treat more general cases,
where A is not necessarily bounded, we introduce the semigroups. We begin with the following definition.

Definition 1.2.1. Let (X,| || ) be a Banach space. A family {T, : t > 0} C B(X) of linear and bounded
operators on X, is said to be a semigroup of linear operators if-f the following conditions hold:

1. T,y = Tsyy, for each s,t > 0.
2. Ty = Ix (identical operator).

Definition 1.2.2. A semigroup of linear operators, {Ty : t > 0} C B(X) on a Banach space X is said to be
uniformly continuous if-f:
Jim [Ty = Il p ) = 0.

Definition 1.2.3. Let (X,|| || y) be a Banach space. A family {T} : t € R} C B(X) of linear and bounded
operators on X, is said to be a group of linear operators if-f the following conditions hold:

1. T,y = Tsyy, for each s,t € R.
2. Ty = Ix (identical operator).
In addition, if limy_o || Ty — 1 ||B(X) =0, then we have a uniformly continuous group.

Proposition 1.2.1. If {T; : t > 0} C B(X) is a uniformly continuous semigroup on a Banach space X,
then T; is invertible, for each t > 0.

Proof: By assumption, lim;_,o+ || 73 — I ||B(X) = 0, thus we can choose § > 0 such that, for each 0 < ¢ < §:
|7y — I|| < 1. By virtue of theorem (A.5.1), for each 0 < ¢t < 4, T} is invertible. Now, for ¢ > ¢ there exists
n € N* and 5 € [0, ) such that t = nd + n. Therefore, T} =TT, so invertible.

Corollary 1.2.1. If {T} : t > 0} C B(X) is a uniformly continuous semigroup of operators on a Banach
space X, then it can be extended to a uniformly continuous group of operators.

Proof: We have to show that there exists a group of operators {G; : t € R}, such that lim,_,¢ || G, — I'|| =
0 and G = Ty, for each t > 0. Indeed, by virtue of proposition (1.2.1), we can define the group (Gt)icr as :

G T, when t > 0,
T (1) whent <.

Is is an easy task to verify that {G; : t € R} is a uniformly continuous group of operators.
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Proposition 1.2.2. Let {T; : t > 0} C B(X) be a semigroup of operators on a Banach space X. The
following statements are equivalent:

1. {T; : t > 0} is uniformly continuous

2. The function [0,00) 3 t — T; € B(X) is continuous in RY (right continuous at 0), i.e: limy_, || Ty — T l5x) =
0, for each s> 0.

Proof:

71 = 27 The right continuity of [0,00) 3> t — T; € B(X) at 0 is direct from the definition. Now, by virtue of
corollary (1.2.1), consider the uniformly continuous group {G; : ¢ € R}, which extends the semigroup
{T; : t > 0}. For t > 0 and h € R such that ¢t + h > 0, we have:

[Teen = Tillpxy = IGern—Tillpx)
| TiGr — T¢ ”B(X) <|Ti ”B(X) |Gn =1 HB(X) :

So, we can conclude that:
lim || Ty4n — T =0, f h t > 0.
o | Ten — Tt ||B(X) , for each t >
72 =17 This is direct from right continuity of [0,00) > t — T; € B(X) at the point 0.

Definition 1.2.4. A semigroup of linear operators {T; : t > 0} C B(X) on a Banach space X is said to be
strongly continuous or Cy-semigroup if-f:

lim Tyx =z, for each z € X.
t—0+

Proposition 1.2.3. Fach uniformly continuous semigroup {T; : t > 0} C B(X) on a Banach space X is
also strongly continuous.

Proof: Indeed, for each x € X, we have:

Jm (| Tz —a |y < lim [T = Tlpx el =0.

Remark 1.2.1. The inverse statement is not always true as we will see in section (?7?).

Proposition 1.2.4. Let {T; : t > 0} C B(X) be a strongly continuous semigroup of operators on a Banach
space X. Then, there exist constants M > 1 and w € R, such that:

| Ty || < Me®t, for each t > 0.

Proof: Since, lim;_,q+ T3z = z, for each x € X, from Corollary (A.6.2), there exist 6 > 0 and M > 1
such that || T; || < M, for each 0 <t < 4. Observe that it cannot be M < 1, because || Ty || = 1. Now, for
arbitrary t > 0, we can choose n € N and ¢’ € [0, ), such that: ¢t = nd + ¢’. Therefore:

1Tl = N TwsTe | = 1 T5'T | < M™M

— Menln]\/[ < Me(né-&-t/)%.

Set w = % and the proof is complete.

Remark 1.2.2. Note that for a strongly continuous semigroup {7} : ¢ > 0}, the minimum of the set
{weR: T ] < Me*t, Vt > 0}, for some M > 1 does not always exist. Moreover, it is possible this set to
be empty.
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Proposition 1.2.5. Let {T; : t > 0} C B(X) be a semigroup of operators on a Banach space X. Suppose
that there exist constants 0 < M <1 and w € R such that:
| Ty || < Me*t, for each t > 0.

Then Ty = 0, for each t > 0.

Proof: Consider the semigroup {S; : t > 0}, where S; = e~“!T;. Observe that for each ¢t > 0, || S¢ || =
n
e || Ty || < M. Thus, for t > 0 and n > 1 we have: || S| = H St < ’ St || < M". Now, taking the
limits as n — oo, since M € [0, 1), it follows that || S¢ || = 0, for each ¢ > 0.

Theorem 1.2.1. Let {T} : t > 0} C B(X) be a semigroup of operators on a Banach space X. The following
statements are equivalent:

(i) The semigroup {T; : t > 0} is strongly continuous.

(ii) For each x € X the trajectory, Rt >t — Tyx € X is continuous in RY (right continuous at 0).

Proof: Suppose that {T; : ¢ > 0} is strongly continuous and z € X. The right continuity of Rt > ¢ —
Tix € X at 0 is direct from the definition. Furthermore, for ¢ > 0 we have:

lim Tiypr = lim TpTix = Tix, since Tyx € X.
h—0+ h—0t

This shows the right continuity of the trajectory. Now, let w € R and M > 1 such that: || T} | < Me*?, for
each t > 0. Then for 0 < h < t we have:

| Ty — Tzl = I Toon(Tz — Tz) < Me*t) || oz — 2 |
Thus limy, o+ || Ti—px — Tz || = 0, which proves the left continuity of the trajectory.

Remark 1.2.3. By virtue of Proposition (1.2.2) and Theorem (1.2.1), a semigroup {7} : ¢ > 0} is uniformly
continuous if and only if the function [0,00) 3 t — T; € B(X) is continuous in the uniform topology on
B(X), while is strongly continuous if and only if the function [0,00) 5 t — T3 € B(X) is continuous in the
strong operator topology on B(X).

Example 1.2.1 (Exponential function on R). Consider the space X =R and a € R. For each ¢t € R, define
the function T : R — R, where Ty(z) = ef%z. It is easy to verify that (T}),cr+ and (T})icr are a semigroup
and a group of operators respectively. Moreover, || T; — I || = |e® — 1|, thus lim;_o || T — I || = 0. Therefore,
{T} : t > 0} is a uniformly continuous semigroup.

Example 1.2.2 (Generalization of previous Example). Let (X,|| ||) be a Banach space and A € B(X).
Define, A" = Ao A"~!, n > 2. By induction, it is easy to verify that || A" ||z x) < [ All5(x), for each
n > 2. The series > rar
Sp=>10 ti‘? , is Cauchy in (B(X), || | g(x))- Indeed, for positive integers m > n we have:

T Al
>

i=n+1

41— is convergent in B(X), for each ¢ € R, since the sequence of partial sums (S, )n,

”Sn*Sm”:

N AL
< Z y , n,m — oo,
i=n+1 v

because ZZO:() It\lllifl\l" = el Al Thus, for each t € R we can define the function 7, : X — X, where
T,=ett=%"> tnnf‘!‘n. It is an easy task to verify that T} € B(X) and || T} [| (x) < el Al for each t € R.

Indeed,

n kA" T
i ZH AN 2l

ITzlx = il

= tRAR(2)
2
=0

X k=0

1" ]| A HB(X) el Al
- HXZ = [l [l el Aleco.
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Moreover, for s,t € R we have:

tnA e nAn S tn kAnkkAk
tA _sA __
e e - Z Tk
n=0 k=0
_ Z (t + S)nA _ e(t+s)A
— .
o n!
Therefore, T;T, = T}, for each t, s € R. So, the family {4 : ¢ € R} consists a group of operators on X. In
addition, for ¢ € R we have:

o0 o0
tm A" tmA™
tA _ _
R Dot o N o
n=0 n=1
oo n
AN epag
< S ULy
n=1
So, lim g || eth fIH = 0. Thus, (T})ter and (T})¢er+ are uniformly continuous group and semigroup

respectively.

Remark 1.2.4. Example (1.2.2) is a generalization of example (1.2.1). Indeed, the semigroup {7} : t > 0} on
R, where Tyz = ez, x € R can be written in the form T} = ¢4, for A € B(R), where Az = ax, z € R. As we
have already discuss in section (1.1), the semigroup of example (1.2.1) is related to the Cauchy’s functional
equation. In the sequel, we will prove the relevant propositions for the semigroup {e*4 : ¢t > 0} and we will
conclude that every uniformly continuous semigroup on a Banach space X is of the form {e*4 : ¢ > 0}, for
some A € B(X).

Proposition 1.2.6. Let (X, || ||y) be a Banach space. Consider the semigroup {T} : t > 0}, where T, =
et4, t >0 for some A € B(X). Then the function

[0,00) 3t = T; € B(X)

is differentiable and satisfies the following initial value problem:

d
—T, = AT, =T;A
pTR t t

To=1I (1.2.1)

Conversely, every differentiable function T : [0,00) — B(X) that satisfies the initial value problem (1.2.1),
has the form T, = €', t >0 and A = LT, |,_,.

Proof: From example (1.2.2), we know that {7};}:cr is a group of operators. Thus, for each t,h € R we

have:
Tion — Ty _TTh—I_Th—I

ho " h T h
This means that in order to prove that (1.2.1) is satisfied (see also Remark (A.3.5)), it suffices to show that:

T;.

lim Tn—1 = A.
h—0

To this end, observe that,

>, hkAF
k!

1
1]

T, -1
h

] -

\hl’“ H A I*
Ihl Z

1
= |h|(llAthl | All|h] =1) =0, ash — 0

Uniqueness can be proved with the same way as in Proposition (1.1.1). Finally, observe that A = %Tt li—o-
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Proposition 1.2.7. Let {1} : t > 0} C B(X) be a uniformly continuous semigroup of operators on a Banach
space X. Then, there exists A € B(X) such that T, = et for each t > 0. Moreover, the bounded linear
operator A is given by the formula:

A= lim Th_I.
h—0t h

Proof: Equivalently, we have to show that if a function [0,00) > t — T; € B(X) is continuous and
satisfies:

Tt+s - /Tth
T, = I

then it is automatically differentiable and there exists a unique operator A € B(X) such that the initial value
problem (1.2.1) is satisfied. To this aim, define the function,

t
V:RT = B(X), Vt:/ T, ds, t > 0.
0

By virtue of Theorem (A.3.1), V is well defined, since the function ¢ — T} is continuous. Moreover, by virtue
of Theorem (A.3.2) V is differentiable in RT with

d
—V, =
dt '
It is an easy task to verify that,
. JoTods
lim — =1 = lim T; =T, = Ix.
t—0+ t t—0+ t t—0+
Indeed,
) fg T, ds
lim — lim — ||T I| ds
t—0+ t t—>0+ |t |

= lim || T, — I]| =0,
t—0+

where in the last identity we used the uniform continuity of the semigroup. This means. that we can choose

a small enough ¢ty > 0, such that H Yeo I’ < 1. By virtue of Theorem (A.5.1), %" is invertible, thus V4, is

also invertible. So, we have:

Ty

to
mimﬂ:mf/ T, ds T,
0
to to+t
= vgl/’J;Hdszvg{/ T, ds
0 t

= Vtgl(Vtoth —V;), for each t >0,

where in the third identity we used Proposition (A.3.5) and in the last identity we used Corollary (A.3.2).
Since V is differentiable, T is also differentiable and

d . Typn — Ty
27— lim At
dit hoot R
T -1 T -1 d
g, = (lim —5)Te= 3T heo T

where in the third identity we used Remark (A.3.5). Now, by Proposition (1.2.6), we derive that T; = e'4,
for each t > 0, where A = LT(t) |,_,.
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1.3 More Examples

Consider the following Banach spaces:

(a) The space (BC(RT)
TeRTHL

, of continuous and bounded functions z : RT — C, with ||z = sup{|x(7)| :
o0 (o]

(b) The space (Co(R™), | ||) of continuous functions z : R* — C that vanish to infinity, i.e lim, o 2(7) =
0, with ||z ||, = sup{|z(7)|: 7 € RT}.

(c) The space (BC,(R"), || ||.,) of uniformly continuous and bounded functions z : RT — C, with ||z || =
sup{|z(7)| : 7 € RT}.

(d) The space (C;(RT), | ||,) of continuous functions z : RT — C, such that there exists a € C: lim;_,o0 2(7) =
a, with ||z ||, = sup{|z(7)| : 7 € RT}.

(e) The space (LP(R*), || [[,)), 1 < p < oo of (equivalent classes of) Lebesque measurable functions x : RT —
C, such that ||z Hz = Jos [2(7)|? dm(7) < oo, where m is the Lebesgue measure.

Example 1.3.1 (Left translation semigroup). Let (X, || ||x) be any of BC(R™), Co(R"), BC,(RY), Ci(RT).
For each t > 0, define the function Ty : X — X, such that for each v € X, Tyx(1) = (1 +t), 7 € RT. Then,
{T; : t > 0} is a semigroup of operators on X.

Proof: First of all, for any one of the above cases, the operator T; is well defined, Ty € B(X) and || T3 || = 1,
for each t > 0. For example, if X = BC,(R"), x € BC,(RT) and £ > 0, then there exists § > 0 such
that, for each 7,0 € R* with |7 — o] < 4§, it holds that |z(7) — z(0)| < e. Therefore, for each 7,0 € RT
with |7 — o| < 4, it also holds that |Tyz(7) — Tia(o)| < e. This means, that Tyz € BC,(R1). In addition,
| Tix ||, =sup{|z(T+t)| : 7 € RT} = sup{|z(7)| : 7 € RT} = || z||. Secondly, observe that for s, > 0 and
x € X, we have: TsTyx(1) = Tyw(r + 8) = (7 + s +t) = Tsx(7), for each 7 € RT. Thus, the semigroup
property of the definition is satisfied. Finally, Toz(7) = z(7), for each x € X and 7 € R*.

Proposition 1.3.1. The left translation semigroup is not uniformly continuous on each of the Banach spaces
BC(RY), Co(RT), BC,(RT), Cy(RT).

Proof: Indeed, we will show that in all cases, || T; — I'[|p(x) = 2, for each t > 0. We begin with the case
X =BC(R™) or Cy(R*) or C;(RT). For ¢t > 0, consider the function:

1
27

-2 when0<7<
o) =1 |

t
when 7 > %

Observe, that z is an element of BC(RT), Co(R") and Cy(RT) and ||z ||, = 1. Moreover, we have
| Tyx — z ||, = 2, which means that || T; — I || x) > 2. For X=BC,(R"), take the function:

2
x(T):l—TT,TGR-'_,

which is bounded and uniformly continuous, as Lipshitz. Continue with the same arguments as before.
Proposition 1.3.2. The left translation semigroup is strongly continuous on each of the Banach spaces
Co(RY), BCL(RY), Ci(RY).

Proof: First Case: X=BC,(R*"). Consider z € BC,(R') and ¢ > 0. So, we can choose § > 0 such

that, for each 7,0 > 0 with |7 — o| < ¢, it holds that |z(7) — z(0)| < €. Thus, for 0 < t < ¢ we have:

| Tix — x| = sup |z(7 +1t) —a(7)] < e.
TERT

This means, that lim,_,o+ || T3z — 2 || = 0, as desired.



1.3. MORE EXAMPLES 17

Second case:X = C;(R"). Let z € C;(R"). Consider a € C, such that lim;_, z(7) = a. This means,
that for € > 0, there exists M > 0, such that, for each 7 € R* with 7 > M, it holds that |z(7) — a| < §.
Therefore, for each 7 > M and t > 0 we have:

lz(r +t) —z(r)| < |z(r+1t) —al + |z(7) —a)| < e.
Thus, for ¢ > 0 it follows:
sup |z(r +1t) —z(r)] <e. (1.3.1)
TE[M,00)

On the other hand, z is uniformly continuous in the compact set [0, M]. So, with the same arguments as in
the first case, we can choose § > 0 such that, for each 0 < t < §:

sup |z(t +1t) —z(7)| <e. (1.3.2)
T€[0,M]

As a result of (1.3.1) and (1.3.2), for each 0 < ¢ < ¢ we have:
[Tz — 2l <e,

which means that lim; ,o+ || T3z — 2 || = 0, as desired.
Third case: X=Cy(R"). Use the same arguments as in the second case.

Example 1.3.2 (Right translation semigroup). Consider the space X = (LP(RT),[ [,), 1 < p < oo. For
each t > 0, define the function Ty : LP(RT) — LP(RY), such that for each x € LP(RY):

0 when T < t,
Ty(r) = { z(r —t) when T >t.

Then, {T} : t > 0} is a semigroup of operators on LP(R™).
Proof: First of all, observe that if z,y € £P(R™), then:

/0 Tyx(r) — Toy(r)lP dm(r) = / la(r — £) — y(r — P dm(r) = / ja(r) — y(r)P dm(r)  (13.3)

Thus, if # = y almost everywhere in R*, then Tix = Tyy a.e and T} is well defined. Moreover, from (1.3.3)
we deduce that T; € B(LP(R")) and || T || = 1, for each ¢ > 0. In order to prove the semigroup property, we
will use the shorthand: Ty2(7) = z(7 — )&};,o0)(7), although it is not totally correct, since (7 —t) is not
defined for 7 < t. So, for z € LP(R™) and s,t > 0 we have:

T Tix(r) = X[s,oo) (M) Tiz(r —s) = X[s’oo) (T)X[t,oo)(T —s)z(t—s— t)
= XNstt,o0)(T)2(T — 5 —t) = Tsys2(7), for each 7 > 0.

Proposition 1.3.3. The right translation semigroup on LP(R™) is strongly continuous.

Proof: Since || T;|| = 1 for each ¢ > 0, by virtue of Proposition (A.7.1), it is enough to show that
lim,_,o+ Tyx = m, for each z in a dense subset of LP(RT). To this aim, consider the space C.(0,00) of
continuous functions x : (0,00) — C with compact support (see [BR] chapter IV). Now, let 2 € C.(0, 00),
then z is also uniformly continuous and with a similar argument as in Proposition (1.3.2), we can show that
lim; o+ || Tix — ||, = 0. Now, if the support of x is contained in the interval (0, k) for some k& > 0, then:

[T — x|, <k T -z,
from which we deduce that lim; o+ || Tyz — z ||, = 0 and the proof is complete.

Example 1.3.3 (Product Semigroups). Let (X, || || ) be a Banach space and {T} : t > 0}, {S; : t > 0} two
strongly continuous semigroups on X such that:

STy =TSy, for each t> 0.

Then {Uy : t > 0}, where Uy = STy, t > 0 is a strongly continuous semigroup on X.
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Proof: We will show the strong continuity. Since lim;_,o+ S;x = x, by Corollary (A.6.2), there exists
6 > 0 such that: supg<,<s || St || < co. Therefore, for each 0 <t < ¢ and x € X we have:

Uz —z|| < |[SiTw— S|+ Sz —=|
< S| [Ty — || 4 || Sex — x|
<

(sup | Se|) | Thw — x| + || Sew — x|
0<t<s

Example 1.3.4 (Rescaled semigroup). Let {T; : t > 0} C B(X) be a strongly continuous semigroup on a
Banach space (X,|| ||x) and w € R. Then {U; : t > 0}, where Uy = e“"T};, t > 0 is a strongly continuous
semigroup on X.

Proof: It is an easy task to show the semigroup properties. For the strong continuity, observe that:

| Uiz — x| < He“’tTtaE—e“’th—I—He”tx—xH

< e Tiw—af + e — 1|z

1.4 The Infinitesimal Generator of a C)-Semigroup

Until now, we have seen that every uniformly continuous semigroup {7; : t > 0} on a Banach space X is
characterised by a linear and bounded operator A € B(X), such that T} = e!4 for all t > 0. We can say
that A generates in some way the semigroup. Moreover, Proposition (1.2.7) tells us that this A is given by
the formula

Ty, — 1
A= lim - .
h—0t h

The question now is if there is a similar situation for strongly continuous semigroups. In this section we wiil
show that there exists a densely defined linear operator A : X D D(A) — X, generally not bounded but
always closed, which characterises uniquely the semigroup.

Definition 1.4.1. Let {T} : t > 0} C B(X) be a strongly continuous semigroup on a Banach space (X, || || ).
We call infinitesimal generator of the semigroup, the operator A : X D D(A) — X, where:

Top —
D(A)={z € X : lim i exists }
t—0+
and T
A(z) = lim o x’ x € D(A).
t—0+ t

Remark 1.4.1. The set D(A) is a linear subspace of X and A is a linear operator. Indeed, for z,y € D(A)
and A, i € C we have:
Th(\ — (A The — Thy —
i eQAeFy) = Qe tpy) o Tz Ty =y
h—0+ h h—0t  h h—0t  h

Thus, Az + py € D(A) and A(Az + py) = Az + pAy.

Remark 1.4.2. The generator of a uniformly continuous semigroup {7} : t > 0} on a Banach space X is
the (unique) A € B(X) such that: T; = e, > 0 (see Prop. (1.2.7)). Indeed, as we have already shown in
Proposition (1.2.6)

. Ty =1
lim

h—0*t

= A.

Theorem 1.4.1. Let {T; : t > 0} C B(X) be a strongly continuous semigroup on a Banach space (X,] | )
and A: X D D(A) — X its infinitesimal generator. Then the following are valid:

i) Ifz € D(A) and t > 0 then Tyx € D(A) and LT,z = T, Az = AT,x.
dat
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(ii) For eacht >0 and x € X, we have that fg Tsz ds € D(A) and A(fot Tsx ds) = Tyx — x.

Proof:
(i) Let € D(A) and t > 0. Then,

which means that: J
Ttl' S D(A) and ATtQ? = TtAZI,‘ = (£)+ TtJC.

It remains to show that: J
ATtI = TtAIE = (*)7 Ttl’.

dt
To this end, for 0 < h < t we have :
T px =T, — 1T
||Lhtx — TtA.’I,‘HX = H Tt,h(x ht - ALE) + (Tt,hAJ} - TtA.'I,') ’
- - X

z —Thx

S NTnllpx) || —— —Az| + [ Ti-nAz - T Az|

X
wit—ny || £ = The

< Me ——— —Az|| +|Ti—nAz — T Az,

- X

for some w € R and M > 1. Since z € D(A) and {T; : t > 0} is strongly continuous, it follows that the
last expression tends to zero as h — 0F.

(ii) For each x € X and ¢t > 0 by virtue of Theorem (1.2.1) the integral fot Tsx ds is well defined and

T fot T.xds — fg Toxds fot Thysvds — fg T.xds
h n h
_ f}f+h T,z ds — fot Tswds tHh T,xds — foh T,z ds
o h o h ’

where in the first identity we used Proposition (A.4.2). But from the strong continuity of the semigroup,
we deduce that

t+h h
T,xds — T.xd
lim ft ras fo s lim (Tippx — Thex) = Tix — x.
h—0+ h h—0+

As a result, fot Tsxds € D(A) and A(fot Tsxds) = Tix — .

Corollary 1.4.1. Let {T; : t > 0} be a strongly continuous semigroup on a Banach space (X,| | y) and
A: X D D(A) = X its infinitesimal generator. Then,

(i) For each x € D(A) the trajectory [0,00) 3 t — Tyx € X is of class C'[0, 00).
(il) D(A)={z € X :[0,00) 5t — Tyx € X is differentiable in [0,00)}

(iii) For each x € D(A) and t > 0 it holds that Tyx — x = fot TsAx ds = fot ATz ds.

Proof:

(i) Tt is a direct consequence of (i) of Theorem(1.4.1) and of the fact that the function [0,00) 3 ¢t — T3 Az € X
is continuous in its domain, since (7})¢>0 is a strongly continuous semigroup.

(ii) Again from (i) of Theorem(1.4.1) we have:

x € D(A) & t — Tyx right differentiable at 0 < ¢ — Ty differentiable in [0, 0o)
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(iii) Integrate both sides of the relationship of (i) of Theorem(1.4.1) and apply Corollary (A.3.2).

Proposition 1.4.1. Let {T} : t > 0} be a strongly continuous semigroup on a Banach space (X, || || ) and
A: X D D(A) — X its infinitesimal generator. Then, D(A) is dense in X and A is closed.

Let x € X and t > 0. From (ii) of Theorem(1.4.1) fot Tix ds € D(A) and D(A) is a linear space, so

M € D(A). Observe now that,

¢
Tox d
lim M =Tz =z,
t—0+ t
from where we deduce that D(A) is dense in X. Now consider a sequence {z,}52,; C D(A) such that:
lim, ooz, =2 € X and lim, o Az, =y € X. From (iii) of Corollary (1.4.1) we have that:

h
Thxy — Tn = / TsAx, ds, for each n € N and h > 0.
0

Observe now that lim, o, TsAz, = Tsy and the convergence is uniform in [0, h]. For the last one, fix an
€ > 0. For each z € X, the map [0,h] > t = Tix € X is continuous and since [0,h] is compact we deduce
that sup,c(o ) | 7tz || < co. Therefore, by the Banach Steinhauss Theorem we get M = sup,¢jo ) | 7¢ | < oo.
Now choose ng € N such that || Az, —y || < 47, for alln > ng . Then, || TsAz, — Ty || < M || Az, —y|| <e,
for all n > ng and s € [0,h]. Thus, from the Uniform Convergence Theorem (A.3.3), taking the limits as
n — oo we deduce:

h
The —x = / Tsy ds, for each h > 0.
0

Therefore
The —x

li =q.
im 5 Y

h—0t

This means that z € D(A) and Az = y.

Proposition 1.4.2. Let A : X D D(A) — X be the infinitesimal generator of two strongly continuous
semigroups {Ty : t > 0} and {S; : t > 0} on a Banach space (X, || ||y). Then Sy =Ty, for each t > 0.

Proof: Let € D(A) and t > 0. Define the function f : [0,¢] — X, where
fs = Si—sTsx, s €[0,¢].
By Theorem (1.4.1), f is differentiable in [0, ¢] and
fi=—AS; Tex + S;_sATsx = —AS;_Tsx + AS;_Tsx =0, for each s € [0,].
Therefore, from Proposition (A.3.1) it follows that f is constant. Thus,
fo=fie Six =Tz

Until now we have shown that Syz = Tyx, for each 2z € D(A) and ¢t > 0. Because D(A) is dense in X and S,
T; are linear bounded operators we get easily that S,z = Ty, for each x € X and ¢ > 0.

Corollary 1.4.2. Let (X,| | ) be a Banach space.An operator A : X D D(A) — X is the infinitesimal
operator of a uniformly continuous semigroup on X if and only if D(A) = X and A € B(X).

Proof: Assume that {T; : ¢ > 0} is a uniformly continuous semigroup on X. As we have already
mention in Remark (1.4.2), its generator is the bounded operator A € B(X) such that T} = e4* and
A = limy,_, o+ T’lhfl . Converselly, suppose that the linear and bounded operator A : X — X is the generator
of a semigroup {7} : t > 0}. Then, A is also the generator of the semigroup {e#? : ¢+ > 0}. By virtue of

Proposition (1.4.2), T; = e, t > 0.
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Remark 1.4.3. Theorem (1.4.1)(i) and Proposition (1.4.2) assert that for each x € D(A), the function
u:[0,00) = X, defined by u(t) = Tyx, for each t > 0 is the unique classical solution (see Definition (5.5.1))
of the Cauchy problem
u'(t) = Au(t), te0,00)
{ u(0) = z .

Example 1.4.1 (Left translation semigroup revisited). Let (X, || ||x) = (BC,(RT),| ||.), {T: : t > 0} C
B(X) the left translation semigroup on BC,(RY) (see Ezample (1.8.1)) and A : X D D(A) — X its
infinitesimal generator. Then,

D(A) = {z : R" — C: z differentiable and 2’ € BC,(R")}

and Ax = ', for each x € D(A).

Proof: Assume that z € D(A).Then, the limit lim; o+ @ exists in BC, (R*).Now, since the conver-
gence on BC, (R™) with respect to the norm || || is equivalent to the uniform convergence we get that:

lim Tix () — 2(7) ~ lim z(t+1t) — (1)
t—0+ t t—0+ t

= ()7 a(r) € BOLRY),

dt

Therefore, D(A) C {z : R™ — C : zdifferentiable and ' € BC,(R")}, since z is uniformly continuous.For
the inverse inclusion, let z : RT — C be a differentiable function with z’ € BC,(R").From the mean value
theorem, we deduce that for each 7 > 0, h > 0, there exists 6 € [0, 1] such that z(7 + h) — z(7) = ha'(7 +
6h).Moreover, since =’ is uniformly continuous, for each € > 0, there exists § > 0 such that: for each 7,0 >
0 with |7 — | < 0, it holds that |2'(7) — 2/(0)| < e.Therefore for 0 < h < § we have:

Thx — 1 -
H Tiw—x Tor(m) =2(0) _ )| = sup |a/(r + 0B — 2/(7)| < e.
h h TERT

= sup
oo TERT

This means that € D(A) and Az = 2.

Example 1.4.2 (Rescaled semigroups revisited). Let {T; : t > 0} be a strongly continuous semigroup
on a Banach space X and A : X D D(A) — X its infinitesimal generator.Define the rescaled semigroup
{S; : t >0}, where Sy = e Ty, t > 0, for some A € R.Then, B: D(A) — X, B = A— ) is its infinitesimal
generator.

Proof: Observe that for each z € X:

. Six—x Tix—x o S —Tix
lim — = lim ———
t—0+ t t t—0+ t
—At __ T
—  lim u — )\
t—0+ t

Tiz—zx
t

Six—x
t

Thus, the limit lim; ¢+
Ax — Ax.

exists if and only if the limit lim,_,q+

exists and in this case, Bx =
Example 1.4.3 (Isomorphic semigroups). Let X , Y be two Banach spaces and J : X — Y an isometric
isomorphism.If {T; : t > 0} is a strongly continuous semigroup on X, then {S; : t > 0}, where

S, =JT,J7L t>0,

is a strongly continuous semigroup on Y .Moreover, if A : X D D(A) — X is the infinitesimal generator of
{T;:t>0} and B: X D D(B) = Y is the generator of {Sy : t > 0}, then

ye D(B) < J '€ D(A) and B=JAJ .
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Proof: It is an easy to task to verify that {S; : ¢ > 0} is a semigroup on Y .Furthermore, if y € Y, then
J~ 1y € X.So, from strong continuity of {7} : t > 0} we get that
lim T3J 'y = J Yy,

t—0+

Therefore,
lim JT,J 'y = JJ y =y,
t—0t

J

which proves that {S; : ¢ > 0} is strongly continuous.In addition, limj_,q+ %13’_7’ exists if and only if

limy, o+ TL4= "0 oxists. Thus, y € D(B) < J~! € D(A) and B = JAJ L.

Example 1.4.4 (Restriction of a semigroup). Let {T; : t > 0} be a strongly continuous semigroup on a
Banach space X.If X1 is a linear Banach subspace of X, such that T; X, C X;, then {Sy : t > 0}, where
St = Ty x,,t > 0 is a strongly continuous semigroup on Xi.Moreover, if A : X D D(A) — X is the
infinitesimal generator of {T; :t > 0} and B : X D D(B) — Y is the generator of {S; : t > 0}, then

D(B) = D(A) N X1 and Bx = Ax, ,for each x € D(B).

Proof: It is enough to observe that X; is closed.So, if € D(A) N X7, then the limit  limy, o+ S’Iz_g” =
Az € X;.This means that D(A) N X; C D(B).The inverse inclusion is direct.

Example 1.4.5 (Semigroup restricted to the domain of its generator). Let {T; : ¢ > 0} be a strongly
continuous semigroup on a Banach space X and A : D(A) — X its infinitesimal generator.From Proposi-
tion (1.4.1), A is closed.So from Proposition (A.4.3) the space (A4, || || ,) is Banach.Thus, we can define the
restriction semigroup {S; : t > 0}, where S; = Ty p(a), on (D(A), || || 4)-Observe that:

|Siwlls = | Sewlly +ASieX = || T | + || TiAz ]|
< T llpee 2 Ls s for each = € D(A).

Thus, || S| < ||T}]|.In addition, if B : X D D(B) — Y is the infinitesimal generator of {S; : ¢ > 0} then
D(B)={x € D(A): Az € D(A)} and Bx = Az, for each x € D(B).



Chapter 2

Generation Theorems

In this chapter we will present the most powerful Theorem in the theory of semigroups, the so-called Hille-
Yosida Theorem and its variants. All these theorems give necessary and sufficient conditions that a linear
operator A : X D D(A) — X on a Banach space X must satisfy in order to be the infinitesimal generator of a
strongly continuous semigroup. In the first section we state and prove the Hille-Yosida Theorem which refers
to Cp-semigroups of contractions. In section (2.3.1) we study the Feller-Miyadera-Phillips Theorem which
is the generalisation of the Hille-Yosida Theorem for arbitrary Cp-semigroups. Finally in section (2.5) we
prove the two versions of the Lumer-Phillips Theorem which is a very useful reformulation of the Hille-Yosida
Theorem. In most cases it is easier to verify that an operator satisfies the conditions of the Lumer-Phillips
Theorem. This is why in many classic books of applied functional analysis for partial differential equations,(
e.g [BR] th.VIL.4) , the Lumer-Phillips theorem plays the central role. As we will see in the next chapters (see
Chapter 7) generation theorems presented here combined with existence and uniqueness results of solutions
of determinitstic (stochastic) abstract Cauchy problems (e.g see Remark (1.4.3), Chapter 5 and Chapter 6)
are a powerful tool for the qualitative study of deterministic (stochastic )partial differential equations.

2.1 Elements of Spectral Analysis

Let {T; : t > 0} be a strongly continuous semigroup on a Banach space X. Then there exists its (unique)
infinitesimal generator A : X D D(A) — X, with the characteristics that we have already discussed in the
previous chapter. In order to retrieve the semigroup {7} : ¢ > 0} from its infinitesimal generator, we need a
third object which is called the resolvent. In this section we will examine some definitions and results from
Spectral analysis, which will be very useful in the sequel.

Definition 2.1.1. Let A: X D D(A) — X be a linear operator on a Banach space X. Then we define:
(i) the resolvent set of A:
p(A) :={\ € C: X — A is bijective and (\[ — A)™' € B(X)}.
(ii) the spectrum of A:
o(4) = C\p(4)
(iii) the resolvent operator of A at a point A € p(A):
RO\ A) =\ — A)~!
Remark 2.1.1. Observe that for p(A) # 0, it is necessary A to be closed. Indeed, if A € p(A), then

(M — A)~! is a closed operator, since it is bounded. By virtue of Proposition (A.4.4), (A\I — A) is also closed.
Finally, by Corollary (A.4.2), A is closed.

Remark 2.1.2. From Proposition (A.4.4) and the Closed Graph Theorem (see also Corollary (A.4.1)) we
deduce that if A is closed, then

p(A) = {A € C: AT — A is bijective }

23
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Remark 2.1.3. It is an easy task to verify that for A\, u € p(A), the operators R(\, A), R(p, A) commute,
e RO\ A)R(u, 4) = R(u, A)R(\, A).

Lemma 2.1.1 (Resolvent Equation). Let A : X D D(A) — X be a closed linear operator on a Banach space
X. Then, for each A\, v € p(A), it holds that:

R\ A) = R(p, A) = (= M) R(A, A)R(p, A).

Proof: From definition (2.1.1) we have that:

AR A) — AR, AR(uA) = R, A)
uR(u, A) — AR(u, AJRLA) = R(AA).

By subtraction and Remark (2.1.3), we get the desired result.

Theorem 2.1.1. Let A: X D D(A) — X be a closed linear operator on a Banach space X. Then, p(A) is
an open subset in C.

Proof: Let u € p(A). We want to find an € > 0 such that the open ball B(u,e) = {A € C: |\ —pu| <
e} C p(A). To this end, consider

oo

Sx = R(u, A) Y (1 — \)"R(p, A)". (2.1.1)

n=0

Clearly as we have shown in Theorem (A.5.1), for each A € C, with [A — u[[| R(p, A) [[gx) < 1, the se-
ries in (2.1.1) is [| | g(x)- convergent. Moreover, again from Theorem (A.5.1), we deduce that for A €

1 : .
B(,U,, m) it holds that

Sy o= (W =) — (= NR(p, A) ™
= [(I = (u— N R(p, A))(ul — A)] 7
= (M —A)' =R\ A).
Thus, A € p(A) and the proof is complete.

Remark 2.1.4. By virtue of Theorem (2.1.1), we deduce that the resolvent map A — R(\, A) is locally
analytic and

dn

7R()‘7A) = (71)nn!R()‘7A)n+17

dxn
for all A € p(A) and n € N.

Lemma 2.1.2. Let {T; : t > 0} C B(X) be a Cy — semigroup on a Banach space X and A : X D D(A) = X
its generator. Then, for each t > 0 and X € p(A) it holds that

R(\, A)T, = TyR(), A).

Proof: Let A € p(A),t >0,z € X. Set y = R(\, A)x € D(A). By virtue of Theorem (1.4.1) we obtain

Therefore,
R\, A)Tix = TyR(\, A)z.
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2.2 The Hille-Yosida Theorem

Theorem 2.2.1 (Hille-Yosida Theorem). A linear operator A : X D D(A) — X on a Banach space X, is
the infinitesimal generator of a Cy-semigroup of contractions if and only if :

(1) D(A) is dense and A is closed.
(2) (0,00) C p(A) and for each A > 0 it holds that:

| R(A, A) HB(X) <

> =

Remark 2.2.1. Observe that (Al — A)~! = $(I — A"'A)~!, whenever at least one of the two inverses is
well defined. This means that (2) of Theorem (2.2.1) can be replaced by:

(2’) For each A >0, I — A\~!A is bijective and H (I-X"1tA <1

)~ ||B(X)

Remark 2.2.2. If A is densely defined and

(2”) For each A >0, AI — A is bijective, (A\] — A)~' € B(X) and || (M — A <

)~ HB(X) 3

then conditions (1), (2) of Theorem (2.2.1) are satisfied. See also Remark (2.1.1).

Proof (Necessity): Let A : X D D(A) — X be the infinitesimal generator of a Cp-semigroup of
contractions {S; : t > 0} C B(X). By virtue of Proposition (1.4.1), A is a densely defined closed operator.
So it remains to show condition (2). To this end, for each A > 0, define:

Rz = / e MG dt, z e X.
0

We claim that, Ry : X — X, is well defined. Indeed, from the strong continuity of the semigroup it follows
that ¢ — Six is continuous , so Riemann integrable, for each x € X. Moreover, for each a,b > 0, a < b, we

have:
b

/ e MS,z dt

a
b —Aa —Ab

_ € — €
ol [ e dt= " al]

a

Since the last expression tends to zero as a,b — oo, the integral converges. It is easy to verify the linearity
of Ry. Moreover, for each x € X, we have:

IN

b
| e S ae 2

X

IN

bl 1
||RA95||X§/0 M S llp ol dt < Sllely
This means that Ry € B(X) and || Ry [|g(x) < 1, for each A > 0.

Claim: For each A > 0, the operator Ry coincides with R(\, A).

Proof of Claim: We will show that for each A > 0, the operator R) is the right and the left inverse of the
operator A\l — A. Let x € X, A > 0 and h > 0. We have:

ShRyx — Ryx 1 [ _ 1 />~ _
h )\h A _ E/O e AtSt-‘rhxdt_E/o\ e )\tStiL‘dt
Ah 00 o)
- e NSz dt — l/ e MG,z dt
hJn h Jo
A _q oo Mo ph
- ¢ h / e MS,z dt — eT e MG, dt,
0 0
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where in the first equality we have used Proposition (A.4.2). Now observe that,

h ¢ h
e NSz dt 1
lim foitfx lim —/ Hef)‘tStxfo dt
h—0+ h h—07+ ‘h| 0
= lim H e MSyr —x || =0,
h—0+t
since (Sy); is strongly continuous. Therefore,
SpRxx — R
lim 2hEAT T AT ARz — 1,
h—0+ h

from where we deduce that Ryz € D(A) and AR z = AR x — x, for each z € X. Thus,
ARy = ARy - I & ()\I—A)R,\ =1.
Now, let x € D(A). We have:

RyAxz = / e MS, Az dt
0

o d
— Y
= /o e (dtSt:c) dt

o0
= lim e MSx —z+ /\/ e MS,z dt
0

t—o00

ARy x — z,
where in the second equality we have used Corollary (1.4.1). For the last equality, observe that:

He_MStxHX < e Mz|y =0, ast— o0

Thus,
R\A=ARy—I< Ry(M —-A)=1.

The proof of the necessity is complete.

Definition 2.2.1. Let A : X D D(A) — X be a linear operator on a Banach space X, which satisfies
conditions (1) and (2) of the Hille-Yosida Theorem (2.2.1). For A > 0, we define the operator Ay : X — X,
where Ay = MAR(\, A), which is called the Yosida approrimation of A.

Lemma 2.2.1. Let A: X D D(A) — X be a linear operator on a Banach space X , which satisfies conditions
(1) and (2) of the Hille-Yosida Theorem (2.2.1). Then:

(i) )\lim AR(N, A)x =z, for each x € X.
—00
(ii) Axz = N2R(\, A)x — Az, for each x € X and X > 0.
(iii) )\lim Ayx = Az, for each x € D(A).
—00

Proof:
(i) Observe that for z € D(A), we have:

ARM\, A)x —x = AR(A\, A)x — R(A\, A)(A — A)x = R(\, A) Ax.
Therefore, for each z € D(A) we have:
lim | AR\, A)z —z| = lim [|R(\, A)Az || < lim ! | Az || = 0.
A—00 A—00 A—oo A

Since D(A) is dense in X and [|AR(A, 4) | 5(x) < 1, for each A > 0, by virtue of Proposition (A.7.1),
we deduce that limy o [| AR(A, A)z — z || = 0, for each « € X, as desired.
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(ii) N2R(A\, A) — A = N2R(\, A) — MM — A)R(A\, A) = MAR(M\, A) = A,y
(iii) For z € D(A), we have:
lim Ayz = lim MR\, A)z = lim AR(\, A)Ax = Ax,
A—00 A—00 A—ro0
where in the last equality, we used (i) of this Lemma. For the second equality, arguing as in the proof
of (i) we can show that for each € D(A) and A > 0, AR(\, A)z = R(\, A)Ax.

Lemma 2.2.2. Let A: X D D(A) — X be a linear operator on a Banach space X, which satisfies conditions
(1) and (2) of the Hille-Yosida Theorem (2.2.1). Then:

(i) For each A > 0, the operator Ay is the infinitesimal generator of the uniformly continuous semigroup
{et 1t >0} and H etAx HB(X) <1, for each t > 0.

(ii) For eachxz € X, t >0 and A, u > 0 it holds that:

[ etz —etben || <t Ay — Ay ).

Proof:

(i) Let A > 0. From Lemma (2.2.1) we have that Ayz = A2R(\, A)z— Az, for each x € X. Thus, Ay € B(X).
From Corollary (1.4.2), A, is the generator of the semigroup {e4* : ¢ > 0} which is of course uniformly
continuous. Moreover, for each ¢ > 0:

H otAN H _ H oAZRNA)—AT H

< et)\ZH R(M\A) || H et H < ehe=tA — 1.

ii) It is easy to verify that for each A, u > 0 the operators Ay, A, et4> et4r commute. In order to show
Y Yy 12 m

that AyA, = A, A, use (i) of Lemma (2.2.1), while for Ayet4r = et4r Ay, use Remark (A.3.5) and the
fact that AyA," = A,"A,, for each n € N (by induction). Therefore we have:

' d
H/ df(estAAe(lfs)tAux) ds
0 S

Jetre - etea |

"d
H/ di(QSt(AA_AM)etA‘LzT) dS
0 S

1
= H/ t(Ax fA,L)eSt(Aka“)etA“x ds
0

IN

1
/ t]| Axe — Az || || et || H c-9ta, || g
0

IN

t|| Axe — Ayx ||,

where in the first equality we used Corollary (A.3.2), in the third equality we used Proposition (1.2.6) and
in the last inequality (i) of this Lemma.
Proof (Sufficiency): Let ¢ > 0. From Lemma (2.2.1) and Lemma (2.2.2) it follows that for each z € D(A),

I ety — etAuy | <tl|Axz — Az | =0, as A, u — oo. (2.2.1)
Thus, by completeness of X, we can define the operator S; : D(4) — X,

S,z = lim e, e D(A). (2.2.2)

A—00
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By using (2.2.1), we can show that for € D(A) the convergence of the maps ([0,00) 3t — ez € X)aso
in (2.2.2) is uniform on compact subsets in R*. Now, it is easy to verify that S; is a linear and bounded
operator. Observe that from Lemma (2.2.2), we deduce that for each © € D(A), || Siz|| < || «], thus
|| St || < 1. Because S; is a densely defined linear and bounded operator, there exists a unique extension

S, : X — X, such that 5t\D(A) =5, S € B(X) and H S, 5 < 1. Moreover, by Proposition (A.7.1) and
(2.2.2) it follows that

Syx = )\lim ez, for eachz € X, (2.2.3)

— 00

since D(A) is dense and H et4r H < 1, for each A > 0. Again the convergence is uniform on compact subsets

in RT. It is an easy task, to verify that {St : t > 0} is a semigroup. To see this, use the semigroup poperty
of the exponential and Proposition (A.7.3). In the sequel, we will show that it is strongly continuous. Let
xz € X, T >0and e > 0. Since the convergence in relationship (2.2.3) is uniform on compact subsets in R,
we can choose a sufficiently large A\g, such that,

H S — et H < %, for eacht € [0, 7.

tAx

Furthermore, lim,_,o+ e!4* oz = x, since the semigroup {e :t > 0} is uniformly continuous. Thus, we can

choose § > 0 such that, for each 0 <t < §

etz —z]| < 5

Therefore, for each 0 < t < min{d, T} we have,
H Sy —x H < H Sy — etMrog H + ety — g | <e.

This means that lim, o+ S;z = z, for each z € X and the strong continuity has been proved. It remains
to show that A : X D D(A) — X is the generator of the strongly continuous semigroup of contractions
{S’t : t > 0}. To this aim, assume that B : X D D(B) — X is the generator of the semigroup and let
x € D(A). Then, observe that

lim et Ayz = S, Ax (2.2.4)

A—o00

and the convergence is uniform on compact subsets of R™. Indeed,

IN

e Ax — S, Az H

.

which tends to zero, as A — 00, due to Lemma (2.2.1(iii)) and formula (2.2.3). Thus, for A > 0 we have:

etA*A,\x—S’tAxH ||etA*A,\a:—etA*Aa:|| + ‘

A

| Axx — Az || + H et Az — S, Ax

Spx—x = lim "z —z
A— o0
h
= lim e Ay dt
A—o0

0
h ~
/ SiAx dt,
0

where in the second equality we used Corollary (1.4.1(iii)) and the fact that Ay is the generator of {e!4> : ¢ >
0}, for A > 0 and in the third equality we used formula (2.2.4) and the uniform convergence theorem (A.3.3).
Therefore, 3
Sz —

lim 222 Az, for eachz € D(A).

h—0+ h
This means that D(A) C D(B) and Bx = Az, for each € D(A). Finally, we will show that D(A) = D(B).
Since B is the generator of a Cy-semigroup of contractions, by the necessity of our theorem, we conclude that
1 € p(B). Thus (I —B)~YX) = D(B). But (I - B)(D(A)) = (I-A)(D(A)) = X,ie (I-B)"Y(X) = D(A).
Thus, D(A) = D(B).
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Corollary 2.2.1. Let {T; : t > 0} be a strongly continuous semigroup of contractions on a Banach space X .
If A: X D D(A) — X is its infinitesimal generator and Ay is the Yosida approxzimation of A, then,

Tiz = lim e, for eachz € X.
A—o0

Proof: It is a consequence of the proof of the sufficiency of the Hille-Yosida Theorem (2.2.1) and of Propo-
sition (1.4.2).

2.3 The Feller-Miyadera-Phillips Theorem

Theorem 2.3.1 (The Feller-Miyadera-Phillips Theorem). A linear operator A:XD>D(A) = X ona
Banach space X, is the infinitesimal generator of a strongly continuous semigroup {Sy : t > 0} C B(X) of
type (M,w), (i.e || S¢|| < Me*t, for each t > 0), if and only if:

(1) A(D) is dense in X and A is closed.
(2) (w,00) C p(A) and for each A > w and n € N* we have:

n M
| ROAA)™ (| px) < G

Remark 2.3.1. For the proof of the Feller-Miyadera-Phillips Theorem (?7), it is enough to consider the
case w = 0. To see this take for granted the Feller-Miyadera-Phillips Theorem (??) for the case w = 0 and
suppose firstly that A : X D D(A) — X is the generator of a Cp-semigroup (S;); of type (M,w). Then as we
have already seen in Example (1.4.2), the strongly continuous semigroup {e=“%S, : ¢ > 0} is of type (M, 0)
and B: D(A) —» X, B = A—wl, is its generator. Moreover, since A\l — A = (A—w)I — B and (0, 0) C p(B),
we deduce that (w,00) C p(A). In addition H (M — AL ||B(X) = H (A=w)I—-B)7! HB(X) < ()\771‘/“[})”, for
each A > w. Conversely, suppose that A: X D D(A) — X satisfies conditions (1) and (2) of Theorem (?7).
Consider B = A — wl and arguing as before show that B is the infinitesimal generator of a Cy-semigroup
(T})¢ of type (M,0). Tt follows that {e“!T; : t > 0} is a Cp-semigroup of type (M,w) and its generator is
B+wl=A.

We begin with the following Lemma.

Lemma 2.3.1. Let A: X D D(A) — X be a linear operator on a Banach space X, such that (0,00) C p(A)
and [[A"R(A, A)" [ gx) < M, for each n € N and A > 0. Then, there exists a norm | | : X — [0,00), with
the properties:

@) llz|| <l|z| < M| x|, for each z € X.

(il) AR\, A)x| < |z|, for each x € X and A >0

Proof: For yx > 0, we define | |, : X — [0, 00), such that,

||, = sup || w" R(p, A)"z ||, for eachz € X.
neN

It is easy to verify that | |, is a norm on X and satisfies,

|| |z|, < M|z, for eachz € X. (2.3.1)

<
< |z|,, for eachz € X. (2.3.2)

We will show now that,

|AR(A\, A)z |, < |z|,, for each z € Xand A € (0, y]. (2.3.3)
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By virtue of the ResolventEequation (Lemma (2.1.1)), for each A € (0, ] we have:
RO Az, = [R(p, Az + (p = A R(u, A)R(X, Az |,
= R A)e o+ (= NROLA)],
< i 2+ (= VRO, A |,
< Llal,+ 1= 2) RO A,
where in the first inequality we used that pR(u, A) is a contraction on (X, | |,), by (2.3.2). Therefore, we
have shown (2.3.3). Now , by (2.3.1) and (2.3.3) we get:
[ARN, A)z || < [ARN, A)z|, <|z|,, for eachz € X, A € (0, ] (2.3.4)
Moreover, by induction we have:
[A"R(N, A) x| < [AN"R(A\, A)"z |, < |z|,, for eachz € X, A € (0,u]andn € N,

from where we deduce that,
|z, <lz|,, for each A € (0, ], z € X.

Therefore we can define the norm | | : X — [0, 00),

|z| = lim |z|,, for eachz € X.
11—00 H

Taking the limits in relationships (2.3.1) and (2.3.3), we deduce the desired properties of the norm.

Remark 2.3.2. The key idea of the proof of Feller-Miyadera-Phillips Theorem (??), is based on the fact
that equivalent metrics on a space, induce the same topology. Thus all topological properties of a set or a
function (e.g continuity, closedness e.t.c) with respect to equivalent norms, are the same. This idea, combined
with the Hille-Yosida Theorem (2.2.1), leads us to the desired results.

Proof (Necessity): Let {S; : t > 0}, be a semigroup on X, such that || S || < M, for each ¢t > 0 and let

A: X D D(A) — X be its infinitesimal generator. Define ||| ||| : X — [0, x0),
Il = igg” S|l
It is easy to verify, that ||| ||| is a norm on X. Moreover,
lz| <I|lz||| < M| x|, for eachz € X. (2.3.5)

Thus, we have equivalent norms. In addition,

[||Stx||| = sup || SsSex || < sup || Sez || = |||=|||, for eachz € X andt > 0.
5>0 >0
This means, that A is the generator of the semigroup of contractions {S; : ¢ > 0} on (X, ||| |||)- Thus, by
virtue of the Hille-Yosida Theorem (2.2.1), A is densely defined and closed and (0,00) C p(A), with
[[[AR(N, A)[|| Bxy < 1, for each A > 0. (2.3.6)

So, accordingly to Remark (2.3.2), it remains to show, that || A" R(X, A)" || x) < M, for each A > 0. To this
end, observe that from relationships (2.3.5) and (2.3.6) we deduce that, for each € X and A > 0, we have:

AR, A) || < [[[AN" R, A) af[| < [ < M|z .

Proof (Sufficiency): Assume that conditions (1) and (2) of Theorem (??) are satisfied. By virtue of
Lemma (2.3.1), there exists a norm | | on X, such that ||z| < |z|] < M ||z| and AR\, A)z| < |z|, for
each z € X and A > 0. Therefore, A satisfies the conditions of the Hille-Yosida Theorem on (X,||) and
so, it is the generator of a Cp-semigroup of contractions {S; : ¢ > 0} on (X,]| |). It remains to show that
1St 5(xy <M, for each ¢ > 0. Indeed, for each x € X and ¢ > 0,

|Sea || < [Sew| < o] < M|lz] .
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2.4 Some extra results

Lemma 2.4.1. Let {T} : t > 0} C B(X) be a Cy-semigroup on a Banach space X and A: X D D(A) = X
its infinitesimal generator. The following assertions hold,

(i) ForeachAeC,t>0,z€ X, fot e Tz ds € D(A) and
t
e M —x=(A— ) / e T,z ds.
0
(ii) For each x € D(A) we have:
t
e My —x = / ef)‘sTs(A — M)z ds.
0

Proof:

i) Forz € X,t >0, A € C, h > 0 we have:

Ty, fg e MTx ds — fg e MT.x ds _ f(f e M, px ds — fot e MTx ds
h o h
- e f;+h e M Tx ds — fot e MT.x ds
o h
1 t 1 t+h
= —(eM— 1)/ e MT,x ds + fe)‘h/ e T ds
h 0 h ¢
1 h
— 7/ e Mz ds
h Jo
t
— )\/ e M ds+e MTe—x, ash — 0T,
0

from where we deduce that (i) holds.

(ii) For each z € D(A) we have:

t t d
/ e MT,Ax ds = / e M (—T,x) ds
0 0 ds

t
= [e Mz — 2]+ /\/ e MTox ds
0
t
= [e Mz — 2 +/ e MT\x ds.
0

Theorem 2.4.1. Let {S; : t > 0} C B(X) be a Cy- semigroup of type (M,w), (i.e || St| < Me“t, for each
t > 0), on a Banach space X. Then, for its infinitesimal generator A : X D D(A) — X, the following
properties hold:

(i) If X € C such that the improper integral
Ryx ::/ e MS,x dt
0

exists in X for all x € X, then A € p(A) and Ry = R(\, A).
(i) If ReX > w, then X € p(A) and the resolvent is given by the integral expression in (i).
(iii) || RN, A) || < 525, for each Rel > w.

Proof:
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(i Argue as in the Proof of the necessity of The Hille-Yosida Theorem (2.2.1). (See the proof of the claim).

(ii) For each a,b >0, a < b, we have:

b
‘/e‘AtStx dt

Consequently, fos e S,z dt, converges (absolutely) in X as s — oo, for all z € X.

IN

b
J Y R

X

A

b
M ||z ||X/ eTRAI gt 50, as a,b — oo.

(iii) Moreover, for each z € X, we have:

> M
—Red+w
IRaall < [ DTN o dt < o ol

This means that Ry € B(X) and || Ry [ 5(x) < AL, for each Rel > w.

Proposition 2.4.1. Let {S; : t > 0} C B(X) be a Cy- semigroup of type (M,w), (i.e || S¢| < Me“t, for
each t > 0), on a Banach space X and let A: X D D(A) — X be its infinitesimal generator. Then,

M

n <7
IROA 1 < rr e

for each n € N and ReX > w.

Proof: Note that for each ReA > w and n € N it holds that

(71)7171 dnfl
(n—1)! dA\n—1
1

= — t"lem MG,z dt
(n—1)! /0 ’

for all z € X. To see the second equality, observe that by virtue of Theorem (2.4.1), we have

RO\ Az = R\, A)z

iR()\ A = 4 Ooe_’\tS:Edt
dx A k

= —)\/ te NS,z dt,
0

for each ReA > w and z € X. Continue with induction. Therefore it follows that,

1 oo
RO\ A) x| = = H /O t"le= S, dt H
< (]W H liy' >~ tn—le(w—ReA)t dt
n—1!J,
SO P
 (Red —w)n el

for all x € X.

Corollary 2.4.1. A linear operator A : X D D(A) — X on a Banach space X, is the infinitesimal generator
of a Cy-semigroup of contractions if and only if :

(1) D(A) is dense and A is closed.
(2) For each A € C: ReX > 0, one has A € p(A) and it holds that:

1

[ RN, A) [l px) < Ten’
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Proof: It is a consequence of the Hille-Yosida Theorem (2.2.1) and Theorem (2.4.1).

Corollary 2.4.2. A linear operator A : X D D(A) — X on a Banach space X, is the infinitesimal generator
of a strongly continuous semigroup {S; : t > 0} C B(X) of type (M,w), (i.e || S¢|| < Me*t, for each t > 0),
if and only if:

(1) A(D) is dense in X and A is closed.
(2) For each A € C: Re\ > w, one has A € p(A) and also:

M

A" <

for each n € N, ReX\ > w.

Proof: It is a consequence of the Feller-Miyadera-Phillips Theorem (?7?), Theorem (2.4.1) and Proposi-
tion (2.4.1).

2.5 The Lumer-Phillips Theorems
Let X be a Banach space and z* € X* a linear bounded functional. z € X,
¥ (z) = (z,2") = (2%, ).
Definition 2.5.1. Let (X, || ||y) be a Banach space. We define the duality map,
F:X 5 P(X"), F@)={o"eX™: @) = |z = ||’}
Remark 2.5.1. The Hahn-Banach Theorem, ensures us that F(z) # 0, for each x € X.

Definition 2.5.2. A linear operator A : X D D(A) — X on a Banach space X, is said to be dissipative
if-f for each x € D(A), there exists x* € F(x), such that Re(Ax,z*) <0.

Theorem 2.5.1. Let A : X D D(A) — X be a linear operator on a Banach space X. The following
statements are equivalent:

(i) A is dissipative
(ii) For each x € D(A) and A > 0, we have:

Ml <M = A)z]l.

Proof: Assume that A is dissipative. Let © € D(A) and A > 0. Choose z* € X*, such that (z,z*) =
|z ||> = || 2% ||* and Re(Az,2*) < 0. Then we have:

M|

Re(Ax,z*) < Re{Ax,z*) — Re{Az,z™)
Re(Ax — Ax,x")

|[(Ax — Az, x™)]

J2* | 2 — Az || = Jlo | || Az — Az ||

VANVAN

Conversely, (LATER)

Theorem 2.5.2 (Lumer-Phillips Theorem I). Let A: X D D(A) — X be a densely defined linear operator
on a Banach space X. Then, A is the infinitesimal generator of a Cy-semigroup of contractions on X, if and

only if:
((1) A is dissipative

(2) There exists A > 0 such that RIAI — A) = X, i.e A\l — A is surjective.
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Proof (Necessity): Assume, that A is the infinitesimal generator of a Cp-semigroup of contractions
{S; : t > 0}. By virtue of the Hille-Yosida Theorem (2.2.1), we deduce that (0,00) C p(A). Thus, for each
A>0, R(AI— A) = X. Now, let © € D(A) and z* € F(x). Then, for each t > 0, we have:

2
[(Se, )| < [l [ | Sexc || < [l [

Thus,
Re(Six — z,2*) = Re(Syx,2*) — Re(z,z*) <|z|>—|z|?=0.
Therefore,
Re(Az,2*) = lim el =227
t—0+ t
Proof (Sufficiency): Since A is dissipative, by Theorem (2.5.1), we deduce, that for each z € D(A) and
A > 0 we have:

<0, for each z € D(A) and z* € F(x).

Az || < || (AT = A)z . (2.5.1)

Observe, that relationship (2.5.1), implies that A\J — A is one to one for each A > 0. Consider a Ag > 0, such
that Aol — A is surjective. Then, (Aol — A)~! exists and from (2.5.1) we get that H (Mol —A) Yy H < %,
for each y € X. Thus (Aol — A)~! € B(X) and \¢ € p(A). This implies that (AgI — A)~! is closed, thus
Aol — A and A are also closed.

Claim: In order to complete the proof, it suffices to show that for each A > 0, AI — A is surjective.

Proof of Claim: Indeed, in this case, relationship (2.5.1) implies that A € p(4) and || R(\, A) || < 5. Since,
A is densely defined and closed, by the Hille-Yosida Theorem, we get the desired result.

We will show now, that for each A > 0, R(A — A) = X. To this end, define the set

A={A>0: R\ —A) = X}.

Let A € A. Then, A € p(A) and because p(A) is open in C, there exists an open neighborhood U of A that
is contained in p(A). Observe that & N RT\{0} is an open interval and is contained in A. Thus A is an
open subset in (0,00). Next, we will show that A is closed. To this aim, consider {\,}32; C A, such that
lim,, oo Ap = A. It is clear that A > 0. Moreover, if y € X, then for each n € N, we can choose z,, € D(A),
such that

ATy — Az, =y (2.5.2)
By (2.5.1), we deduce that for each n € N,
ol < 20 <

for some positive ¢, since (A, ), is positive and convergent. In addition, from (2.5.1), we deduce that for each
positive integers m > n, we have,

Am [ Zn =2 | < ([ Am(@n — 2m) — A(Tn — zm) ||
= [ Amzn — Azy —y||
= || dmxn — Az, — Apx, + Az, ||
= A= Amlllza |
< e = Al

Thus, (z,), is Cauchy and so, by completeness of X, there exists € X: lim, o 2, = z. Then, by (2.5.2)
lim,, o, Az, = Ax — y. By closedness of A, we conclude that x € D(A) and y = Az — Az. This means that
A € A. Thus A is a closed and an open subset in (0,00). As aresult A =) or A = (0, 00). But by assumption,
A # 0. Thus, A = (0,00), as desired.

Remark 2.5.2. From the above proof, we deduce that if A is the generator of a Cp-semigroup of contractions,
then
R(M — A) =X, for eachA >0

and
Re < Az,z* > <0, for eachxz € D(A) and z* € F(x).
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Corollary 2.5.1. Let A: X D D(A) — X be a densely defined closed operator on a Banach space X. If A
and A* are dissipative, then A is the infinitesimal generator of a Cy-semigroup of contractions on X.

Proof: By virtue of the Lumer-Phillips Theorem (2.5.2), it suffices to show that I — A is surjective.
Claim: R(I — A) is a closed subset in X.
Proof of Claim: Consider {y,}>2,; C R(I —A), such that lim,_,. yn = y € X. For each n € N, there exists
x, € D(A), such that y, = x,, — Azx,. Since A is dissipative, for each positive integers m > n we have:

%0 —2m || <11 Yn — Ym |l -

Thus, (z,,)n is Cauchy. So, by completeness of X, we deduce that there exists € X, such that lim, o 2, =
x. But then, lim,_,o Az, =  —y. By closedness of A, x € D(A) and y = Az — x. Therefore, y € R(I — A).
Now, assume that R(I — A) # X. From a corollary of Hahn-Banach Theorem, there exists x* € X*, z* #£ 0,
such that (z*,z — Az) = 0, for each x € D(A). This implies, that * — A*z* = 0. Since A* is dissipative, we
conclude that z* = 0, which leads us to a contradiction. Thus, R(] — A) = X.

Definition 2.5.3. A linear operator A : X D D(A) — X on a Banach space X, is said to be closable if-f it
can be extended to a closed linear operator, i.e there exists a linear operator B : X D D(B) — X, such that,
D(A) C D(B) and Bx = Ax, for each x € D(A).

Lemma 2.5.1. Let A: X D D(A) = X be a linear operator on a Banach space X. The following assertions
are equivalent:

(1) A is closable
(ii) The closure of G4 = {(x,Az): © € D(A)} C X x X, is the graph of a closed linear operator.

(iii) If {zn}52, € D(A) such that, lim z, =0 and lim Az, exists, then lim Az, = 0.
n— oo

n—oo n—oo

Proof:

(ii) = (i) It is clear that if B is a closed linear operator such that Gp = G4, then Bx = Az, for each
x € D(A). This is direct from the fact that Gp is the graph of a function.

(i) = (i#i) Let A be a closable linear operator and (z,), a sequence in D(A), such that lim,, . 2, = 0 and
lim,, ;o0 Az, =y € X. Consider a closed linear operator B : X D D(B) — X, such that B|p4) = A.
Then, by the closedness of B, we conclude that y = B(0) = 0, as desired.

(i77) = (i1) We will show that G4 is the graph of a linear operator A. To this end, it suffices to show
that if (x,9), (z,y’) € Ga, then y = /. Observe now, that if (x,y), (z,y’) € G4, then there exist
sequences (), and (z), in D(A) such that lim,_, z, = z, lim, o Az, = y and lim,,_, ., 2}, = x,
lim,,_, o Az!, = 4/. Therefore, lim, o (2, —z,) = 0 and lim,, o A(z,, — 2,) =y —y’. Thus, from (iii)
we get the desired result. Therefore, G4 is the graph of an operator A : X D D(A) — X. It remains
to show the linearity of D(A) and A. Let z,y € D(A), then there exist sequences (z,), and (yn)n
in D(A) such that lim,, o0 T, = @, limy, 00 Yn = ¥, lim, oo Az, = Az and lim,, . Ay, = Ay. So,
lim,, o0 (T +yn) = o +y and lim,, o (A2, + Ay,) = Az + Ay. Since G is closed we get x+y € D(A)
and A(x +y) = Az + Ay. Similarly we work for the scalar multiplication.

Definition 2.5.4. Let A: X D D(A) — X be a closable linear operator on a Banach space X. Then, the
unique closed operator A with the property G4z = G 4, is said to be the closure of A.

Theorem 2.5.3. Let A: X D D(A) — X be a linear dissipative operator on a Banach space X. Then
(1) If there exists Ao > 0 such that rg(Aol — A) = X, then rg(A\] — A) = X, for each A > 0.
(ii) If A is closable, then A is dissipative.

(iii) If D(A) is dense in X, then A is closable.

Proof:
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(1) We have already show this. See the proof of the sufficiency of Lummer-Phillips Theorem (2.5.2).

(ii) Letz € D(A). Then, there exists a sequence (x,,), in D(A) such that lim,,_,c x,, = z and lim,,_, o, Az, =
Azx. Since A is dissipative for each A > 0 and n € N we have,

Az || < [ Azn — Az ||
Taking the limits as n — oo in the last relationship we conclude that
[ Az || < || Az — Az ||, for each z € D(A), A > 0,

from where we deduce that A is also dissipative.

(iii) Let (z), be a sequence in D(A) such that lim, . z, = 0 and lim, ., Az, = y € X. By virtue of
(iii) of Lemma (2.5.1), it is enough to show that y = 0. Let € D(A). Since A is dissipative for each
A > 0 we have,
1 1
< H (Xxn +x)— )\A(Xacn +x) ‘

Therefore, taking the limits as n — oo and A — 0 successively we deduce that

1

|5

—Tn + X

l—y+z| >|z|, for each z € D(A)..

Now, let e > 0. Since D(A) is dense in X, there exists z. € D(A), such that ||y — z. || < e. So, from
this last result and (2.5) we have that

Iyl < lly =zl + 2 || < 2e.
Since this is true for each € > 0, we conclude that ||y | = 0, thus y = 0.

Theorem 2.5.4 (Lumer-Phillips Theorem II). Let A: X D D(A) — X be a linear densely defined dissipative
operator on a Banach space X. The closure A of A is the infinitesimal generator of a Cy-semigroup of
contractions if and only if there exists g > 0 such that rg(AgI — A) is dense in X.

Proof:

” =" By virtue of Theorem (2.5.3), A is closable. If A is the generator of a strongly continuous semigroup of
contractions then by the Hille-Yosida Theorem (2.2.1), there exists g > 0 such that rg(\gI — A) = X.
Let y € X. Then, there exists € D(A) such that y = A\gz — Az. Moreover, there exists (z,,), in D(A)
such that lim,, ,o 7, = = and lim,, o, Az, = Az. Therefore, lim,, o (Moz, — Ax,) = ¥y, from where
we deduce the desired result.

” &< By virtue of Theorem (2.5.3), A is closable and A is dissipative. Obviously A is densely defined.
Arguing as in the proof of Corollary (2.5.1)we can show that rg(AgI — A) is closed in X. Therefore,
rg(Nol — A) = rg(MoI — A) D rg(A\gI — A) = X. Thus we can use the Lumer-Phillips Theorem I (2.5.2)
for A.

Corollary 2.5.2. Let A: X D D(A) — X be a densely defined linear operator on a Banach space X. If A
and A* are dissipative, then the closure A of A is the ifinitesimal operator of a Cy-semigroup of contractions
on X.

Proof: It is a consequence of Theorem (2.5.3) and Corollary (2.5.1).
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Chapter 3

Probability in Banach Spaces

In this chapter we develop the necessary probabilistic tools for the study of stochastic integrals and stochastic
evolution equations in infinite dimensional spaces. We begin with a review of basic probability concepts in
R and R™. Next we are going to introduce the notions of integrability, measurability in a more general
Banach space valued setting. In section (3.3) we study Banach space valued random variables, their Fourier
transform and several type of convergence of sequences of random variables. Finally in section (3.4) we will
be concerned with martingales in Banach spaces. The line followed in this chapter is taken from [DS IJ,
[DS 11], [DP 1], [DP II], [NR].

3.1 Basic Probability Theory

In this section we review some important notions and facts from measure-theoretic probability. A more
detailed and expanded treatment of this material can be found in [SP], [ASH], [BL] and [PR]. Here, we focus
on the notions of Borel o-algebras, probability measures and measurability and we are interested mainly in
real random variables and random vectors. The section is only a collection of definitions and propositions
which will be taken for granted in the rest of the text. The notion of Lebesgue integrability is not examined
at all and is assumed familiarity with it. Some well known books on measure theory in the real line and in
eukleidean spaces are [KM], [FLD] and [CP].

Definition 3.1.1. Let Q # () be a set. A family § C P(Q) is said to be a o- algebra of subsets of Q if-f
(i) 0eg

(ii) If A€ 3§, then A€ §

(iii) If {A,}52, C 3§, then U2 A, €F.

In this case, the pair (Q,F) is called a measurable space.

Definition 3.1.2. Let Q # 0 be a set and € C P(Q) a class of subsets of Q. The smallest o—algebra of
subsets of Q that contains € is said to be the o-algebra generated by € and is denoted by o(€). In other
words,

o(€) = ﬂ{% : 5§ is a o-algebra and € C F}.

Remark 3.1.1. Note that the existence of the above o-algebra is clear from the fact that the intersection of
an arbitrary family of o-algebras is also a o—algebra of subsets of 2.

Definition 3.1.3. Let (X, ) be a topological space. Then the o — algebra
B(X):=0(%)=0c{U C X :Uis T-open})
18 called the Borel o-algebra of subsets of X .

Proposition 3.1.1. For the Borel c—algebra $B(R) of R the following assertions hold,

(1) It is generated by the class of closed subsets of R.

39
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(ii) It is generated by the class of open intervals of R, {(a,b) : a,b € R,a < b}.

(iii) It is generated by the class of closed intervals of R, {[a,b] : a,b € R,a < b}.

(iv) It is generated by the class of half open intervals of R, {(a,b] : a,b € R,a < b} or{[a,b) : a,b € R,a < b}.

(v) It Zf generated by the class {[a,00) : a € R} or {(—00,a] : a € R} or {(a,0) : a € R} or {(—o00,a) :a €
R}.

Proposition 3.1.2. Let (,F) be a measurable space and suppose that § = o(€). If Qo C Q, then Fo =
FNQ:={ANQ : A € F} is a o—algebra of subsets of Qy and Fo = 0(Cp), where € :=ENQ :={CNQy :
C € €}. Moreover, if Qo € §, then Fo ={A CQp: A € F}.

Definition 3.1.4. Let (2, F) be a measurable space. A function p: F — [0,00] is said to be a measure on
(0, 3) if-f

() n@® =0

(i) pn(A) >0, for each A € §

(iif) p(USAn) = Y00 w(Ay), for each {An}52, C § such that A, N Ay, =0, for m # n.

The triple (Q,§, p) is called measure space. Moreover,

o If there exists a sequence {A,}22, C § such that u(A,) < oo, for each n € N and Q@ = U2, A,,, then
u is a o-finite measure.

o If u(Q) < oo, then then u is a finite measure.
o If u(Q2) =1, then then p is a probability measure.

Remark 3.1.2. [t is direct from the definition of a sigma-algebra that it is closed under at most countably
infinite operations between sets. Moreover, it can be easily verified that for a probability space (Q2,5,P),
the well known relationships from elementary probability stay true, e.g P(A¢) = 1 — P(A), P(AU B) =
P(A)+P(B) —P(ANB),P(A— B) =P(A) —P(AN B)e.t.c.

Definition 3.1.5. Let (F,§) and (E, &) be two measurable spaces. A function f : F — E is called (§, €)-
measurable if-f

fHe) 3,
which means that
f~Y(B) €§, for each B € €.

Furthermore, if (,F,P) is a p.s then we say that a X : Q — FE is a random variable if-f it is measurable.
Usually we take E = R™ and € = B(R").

Proposition 3.1.3. If 0(€) = &, then X is a random variable if and only if X (&) C §.

Corollary 3.1.1. A function X : (,F,P) — R is a random variable if and only if X ~1((—o0,a]) € §, for
all a € R.

Proposition 3.1.4. A vector function X : Q@ - R, X = (X1, Xs,...,X,), is a random vector if and only
if X; is a random variable, for eachi=1,...,n.

Proposition 3.1.5. Let (Q,§,P) be a p.s, (E,€) a measurable space and X : Q@ — E a random variable.
Then the space (E, €, Px), where
Px(B)=P[X € B], B € ¢,

18 a probability space. Moreover the probability measure Px is called the distribution of X.

When F = R" the distribution Px of a random variable X is uniquely determined by its distribution
function Fx : R™ — [0, 1] which is defined by

n

Fx(x1,29,...,%y) = PX(H(—oo,aji]).

i=1
In the case n = 1 a distribution function is always a non decreasing, right continuous function and

lim F(z) =1 and lim F(z)=0.
T—r—00

r—r0o0
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Remark 3.1.3. Note that the set of real valued measurable functions is closed under addition. multiplica-
tion, subtraction, and division. Furthermore, the supremum, infimum, limit superior and limit inferior of a
sequence of real random variables is also a measurable function with values in R := RU {—o0,00}. Thus, if
the limit of a sequence of real random variables exists, then it is a measurable function.

Definition 3.1.6. A real random variable X on a probability space P is called:
(i) discrete if-f the set X(Q) = rg(X) is countable

(ii) continuous if-f its distribution function is everywhere continuous, equivalently if-f P[X = z] = 0, for
all z € R.

(iii) absolutely continuous if-f its distribution Px is absolutely continuous with respect to the Lebesque
measure. In this case, from the Radon-Nikodym Theorem (e.g see [CP] ch.7) we deduce that there exists
a non negative integrable function fx : R — [0, 00] such that

PIX € B] = /B Fx () dm(@).

We call this function the density of X. In particular for its distribution function we have that,

Fx(z) = /33 fx () dm(t), for each x € R.

and that it is differentiable wherever the density is continuous, with derivative

d

e Px(a) = fx(a).

Remark 3.1.4. We can generalize the previous definition for a random vector.

3.2 Integration of Banach space valued functions II.

As we have already seen, when we have a continuous Banach space valued function defined on a real interval,
the Riemann integration is a choice with quite good properties for our purposes. In contrast, if a Banach
space valued function is defined on an arbitrary measurable space (A,.A) then the notions of continuity and
Riemann integration have no meaning at all. Therefore, the scope of this section is an introduction to the
basic definitions and properties of the so called Bochner integration, which will be very useful in the sequel.

3.2.1 The Pettis Measurability Theorem

Consider a separable Banach space X, equipped with its Borel o—algebra %B(X) and a measurable space
(A,2). We remind you that the operations of addition + : X x X — X and scalar multiplication - : Kx X —
X are continuous, thus Borel functions. Furthermore, since X is separable we have that B(X x X) =
B(X) @ B(X) and B(K x X) = B(K) @ B(X). Thus, if f,g: A — X are two measurable functions and
A : A — K is also measurable, then (f,g) : A - X x X and (A, f) : A — K x X are also measurable.
Thus, we can conclude that f+ g and \f are measurable as compositions of Borel functions with measurable
functions. However, when X is not separable, it is not true in general that B(X x X) = B(X) ® B(X) and
B(K x X) =B(K)®@B(X), so the above reasoning fails to guarantee the measurability of f + ¢ and Af. So
we can see that separability plays a very important role in the Banach space valued setting. This will be even
more clear after the introduction of new measurability notions, the so called strong and weak measurability
which are also necessary for the generalization of the Lebesgue integral to the Banach space valued setting.
The main result of this subsection is the Pettis measurability theorems which guarantee that a function is
strongly measurable if and only if it is almost separably valued and weakly measurable.

Definition 3.2.1. Let X be a Banach space, F C X* a subspace of X* and S C X a subset of X. Then,

e F is said to be norming for S if-f, for each x € S it holds that

|z| =sup{| <z, >]|:2" € F,[[a" || yx. <1} (3.2.1)
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o We say that F' separates the points of S if-f for each x,y € S, with x # y, there exists x* € F, such
that < x*,x >#< x*,y >.

Remark 3.2.1. It is direct that if F' is norming for S, then it separates the points of S. The converse is
not always true.

Lemma 3.2.1. Let X be a Banach space, S a separable subspace of X and F a subspace of X*. Then, the
following assertions hold:

(1) If F is norming for S, then there exists a sequence of unit vectors {x} 15, C F which is norming for S.

(ii) If F separates the points of S, then there exists a sequence {x}}52, C F which separates the points of

S.
Proof:
(i) Let (x,)n be a dense sequence in S and {£,}52; C (0,1] a sequence which converges to zero. According
to (3.2.1) and the property of the supremum, we can choose a sequence {z*,}22; C F, with ||z} | =1
such that

| <zl ,xn >|> (1 —¢€n)||zn], foreach neN.
We claim that the sequence {z*,}52 is norming for S. Indeed, for a fixed = € S, since {| < a2,z >
|:neN}yC{] <az*,z>|:2" € F|a*| <1}, we derive that ||z| > sup,cy| < z},z > |. Now,
consider an arbitrary § > 0. For this § > 0 we can choose ng € N such that €,, < § and || zp, — 2 || < 9.
Therefore,

(LT=08) | (1 —eno) [ 2|l

(1_€n0)||x_xno ” +(1_€n0)||xno ”
S+ 1<y, Tny > |

5+||x;kbo H ||I‘n0—1‘||+|<1'

| <z

no?

*

ot T > |

z>|4+20 <sup|<uzy,z>|+2§
neN

IN A AN IN A

Therefore, ||z || < sup,eyn| < 2,z > |.

(ii) Since F separates the points of S, then for each x € S\{0}, there exists f, € F such that f,(x) # 0. So
for fixed x € X, we define

Ve = {y € S\{0} : fa(y) # 0}

Observe that {z} C V, and V, is open in S\{0}. This means that (V,)ses\{0} i an open cover of
S\{0}. But since S\{0} is separable, we conclude that there exists a sequence {z,,}22; C S\{0}, such
that S\{0} C US2,V,. . This is because each open cover of a separable metric space has a countable
subcover(for details see [TS] ch.9). Now it is easy to see that {f;, }nen C F separates the points of S.
Indeed, for each x,y € S with z # y, since x — y € S\{0}, there exists ng € N such that z —y € V,

Therefore, fa, () # fz,,(Y)-
Definition 3.2.2. A function f: A — X is said to be A-simple if-f it has the form

f = Z]IAVT’L"
=1

ng *

where n € N, {A;}7, C A and {z;}, C X.

Definition 3.2.3. Consider a function f : A — X, where (A,2) is a measurable space and X 1is Banach
space. Then,

e f is called stongly 2A-measurable if-f there exits a sequence (f,)52, of A-simple functions f, : A — X,
n € N, which converges pointwise to f.

e f is called separably valued if-f there exists a closed separable subspace E C X such that rg(f) C E.
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o [ is called weakly A-measurable if-f the scalar valued function x*o f is A-measurable for each x* € X*.

Remark 3.2.2. Obviously if f is 2-measurable, then it is also weakly 2(-measurable, since x* is a Borel
function, i.e (B(X),B(K))-measurable

We are now ready to state and prove the first version if the Pettis measurability theorem due to Pettis in his
celebrated paper [PT].

Theorem 3.2.1 (The Pettis measurability Theorem I). Consider a function f : A — X, where (A,2) is
a measurable space and X is Banach space and let F' C X* be a norming subspace. Then, the following
assertions are equivalent:

(1) f is strongly 2A-measurable.
(2) f is separably valued and weakly A-measurable.

(3) f is separably valued and the scalar function x* o f is A-measurable for each z* € F.

Proof:

(1) = (2) Since f is strongly 2-measurable there exists a sequence (f,)nen of 2A-simple functions which
converges pointwise to f. Set

E:=<UX rg(fn) >=:<{en:neN}>.

Observe that the set M = {>_  rie; : n € N,{r;}?_, C D}, where D is countable and dense in K,
is countable and dense in E. Therefore E is a closed separable subspace of X. Moreover, rg(f) C E.
Finally, for a fixed z* € X*, we have that (z* o f,,)nen is a sequence of scalar 2A-measurable functions
which converges pointwise to x* o f. Therefore, x* o f is 2-measurable.

(2) — (3) It is obvious.

(3) = (1) Let E be a closed and separable subspace of X, such that rg(f) C E. We want to construct
a sequence (fn)nen of A-simple functions f, : A — X, n € N, which converges pointwise to f. To
this aim, consider a sequence (z,)nen which is dense in E and for each n € N define the function
Sp : B — {x1,29,...,x,} as follows: For each y € E, consider the minimum k(n,y) € {1,...,n} with
the property

H Tk(ny) — Y || = 1@1.13” |z =yl

and set 8y, (y) := Zy(n,y). Moreover, observe that

lim | s,(y) —yll =0,

n—oo
Indeed, let € > 0 then there exists ng € N such that ||z,, —y| < e. Therefore, for each n > ng we
have that
lsn(y) =yl <llzn, —yll <e

For each n € N define the function f, : A — X, f.(a) = sp(f(a)), a € A. Obviously, for each n € N,
fn takes values in {z1,...,2,} and according to the last observation

lim f,(a) = f(a), for each a € A.

n—oo

Furthermore, for each k € {1,...,n} we have

{a€A: fula)=ar} ={ac A:s,(f(a) =1}
={acA:|fla) —ak| = min [ fla) =z [l {ac A:[[fla) =@l > [[ fla) =@l ,¥i=1,....k —1}.
It remains to show that {a € A : f,(a) = zx} € 2. To this end it suffices to show the following claim.
Claim: For each x € E the scalar function A > a — || f(a) — 2 || is A-measurable.
Proof of Claim: Since F' is norming and E is a separable subspace, by virtue of Lemma (3.2.1) we
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can choose a sequence of unit vectors {z}}52, C F which is norming for E. This means that for a
fixed z € E we have

| fla) —x|| =sup| <a, fla) > — < z,,z>|, for each a € A.
neN

Since, by assumption (x} o f), is a sequence of scalar A-measurable functions we get the desired result.
The proof now is complete.

Corollary 3.2.1. Let f, : A — X, n € N,( where (A,2l) is a measurable space and X is a Banach space), be
strongly A-measurable functions such that lim, o f, = f pointwise. Then, f is also strongly 2A-measurable.

Proof: For each n € N, consider a closed separable subspace F,, C X, such that rg(f,) C E,. Then,
Us2, By, is also separable, thus < U2, E, > is separable and finally E:=< U2, E,, > is a separable and
closed subspace of X. Moreover rg(f) C E. By virtue of Theorem (3.2.1), for fixed x* € X*, (z* o fu)n
is a sequence of scalar 2A-measurable functions which converges to z* o f pointwise. Therefore, x* o f is

2-measurable.

Corollary 3.2.2. Let X,Y be two Banach spaces and (A, ) a measurable space. If f : A — X is a strongly
A-measurable function and g : X — Y a continuous function, then go f : A =Y is strongly A-measurable.

Proof: Let (f,)n be a sequence of - simple functions which converges to f pointwise. Then (g o fy,), is
a sequence of 2- simple functions which converges to g o f pointwise.

Proposition 3.2.1. For a function f : A — X, where (A,21) is a measurable space and X is a Banach space
the following assertions are equivalent:

(1) f is strongly A-measurable.

(2) f is separably valued and A-measurable.

Proof:

(1) = (2) By virtue of Theorem (3.2.1), f is separably valued. In order to show that f is A-measurable, it
is enough to show that f~1(U) € 2, for each U C X open. Consider a sequence (f,), of - simple
functions which converges pointwise to f. Since U is open we have,

a€ fTH(U)= lim fu(a) €U

= Ing e N:Vn >ng, fola) €U
1

= dng € N:Vn > ng Im € N such that B(f,(a), —) CU
m
1
= Ing € N:Vn > ng Im € N, such that f,,(a) € U and d(f,(a),U®) > —.
m

Therefore, if for r > 0 we set U, := {x € U : d(x,U°) > r}, we have that
o=U N U &0,
no=1n=ng m=1

Since f,, is ™A- simple, f,, 1 (U,) € &, for each n € N and r > 0. Therefore, f~1(U) € 2.

(2) = (1) Since f is A-measurable, it is also weakly A-measurable, hence the result follows from Theo-
rem (3.2.1).

Corollary 3.2.3. Let X be a separable Banach space, (A,2l) a measurable space and consider a function
f:A— X. Then the following assertions are equivalent:

(1) f is strongly A-measurable
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(2) f is weakly A-measurable
(3) f is A-measurable
Definition 3.2.4. Let (4,2, 1) be a o-finite measure space, X a Banach space and f : A — X a function.

o f is said to be u-simple if-f it is has the form f = Zil Ta,z;, where N € N, A; € A, u(A;) < oo, for
alli=1,...,N and {z;}}¥, C X.

o f is said to be strongly p-measurable if-f there exists a sequence {f,}°2, of p-simple functions
which converges to f pu-almost everywhere.

e a function f : A — X is said to be a p-version of f, if-f f = f w-almost everywhere.
o f is called weakly p-measurable if-f the scalar function x* o f is p-measurable, for each x* € X*.

e f is called p-separably valued if-f there exists a closed separable subspace E C X such that f(a) € E,
for p-almost all a € A.

Proposition 3.2.2. If f is strongly 2A-measurable, then it is also strongly p-measurable.

Proof: If {f,}22, is a sequence of 2-simple functions which converges pointwise to f and (A,), a sequence
in 2 such that A, C Ap41, p(A,) < oo and A =US2, A, then (14, fr)n is a sequence of p-simple functions
which converges to f pointwise .

Proposition 3.2.3. For a function f : A — X the following assertions are equivalent
(1) f is strongly p-measurable.

(2) f has a p-version which is strongly A-measurable.

Proof:

(1) = (2) If {fn}52, is a sequence of p-simple functions such that lim,_,« fn(a) = f(a), for each a € A\N,
where N € 2 and u(N) = 0, then (Iyef,), is a sequence of 2- simple functions which converges

pointwise to f = Iycf. Furthermore f is a p-version of f.

(2) = (1) Let f be a stronlgy 2l-measurable p-version of f and ( fr)n a sequence of A-simple functions which
converges pointwise to f. If (A,), is an increasing sequence in 2 such that u(A,) < oo and A =
UpZy Ap, then (T4, frn), is a sequence of p-simple functions which converges to f p-almost everywhere
(since it converges to f pointwise).

We are now ready to state and prove the second and most important version of the Pettis measurability
theorem which can be found again in [PT].

Theorem 3.2.2 (The Pettis measurability Theorem IT). Let f : A — X be a function, where (A, 2L, 1) is a
o-finite measure space and X is a Banach space, and let F C X* be a norming subspace. Then, the following
assertions are equivalent:

(1) f is strongly p-measurable

(2) f is p-separably valued and weakly p-measurable.

(3) f is p-separably valued and x* o f is p-measurable, for each x* € F'.
Proof:

(1) = (2) By Proposition (3.2.3), f has a u-version f which is strongly 2-measurable. By the Pettis mea-
surability Theorem I (3.2.1) f is separably valued, thus f is u-separably valued. Again by Theorem
(3.2.1) z* o f is A-measurable, for * € X*. Therefore if B € B(K), 2, is the completion of A and

f(a) = f(a), for each a € A\N, where N € 2 with u(N) = 0, we have
[(@* o f) € Bl = ([(z" o f) € BINN°) [ J([(z" o f) € BINN) €2y

This means that z* o f is 2,-measurable, for each z* € X*.
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(2) = (3) It is obvious

(3) = (1) Let E C X be a closed and separable subspace, such that f(a) € E, for all a € A\N, where
N € 2 and pu(N) = 0. Consider a dense sequence (), in E. For each n € N we define the function
Sn: E — {x1,...,z,}, as in the proof of Theorem (3.2.1) and the function f, : A — X,

5 sn(f(a)) when a € N¢,
0 when a € N.

Arguing again as in the proof of Theorem (3.2.1), we conclude that

lim f,(a) = f(a), for each a € A\N.

n—oo

and fn is 2,-simple, for each n € N. Easily, for each n € N we can construct a u-version fn of fn,
which is 2-simple. For more details on this see [KM] pg 72. Let (A,), be an increasing sequence in
2 such that (A,) < oo and A = U2, A,. Then, (Ia, fn)n is a sequence of p-simple functions which
converges to f p-almost everywhere.

Both versions of the Pettis measurability theorem remain true if in the statements we replace the norming
subspace F' C X* with a subspace which separates the point of X. The proof is more complicated in this
case. For more details on this see [DS IJ.

Corollary 3.2.4. The almost everywhere limit of a sequence of strongly u-measurable functions is strongly
p-measurable

Corollary 3.2.5. Let X, Y be two Banach spaces and (A, 2, 1) a o- finite measure space. If f : A — X s
strongly p-measurable and g : X —'Y continuous, then g o f is strongly p-measurable.

For the proof of the above two corollaries combine Proposition (3.2.3), Corollary (3.2.1) and Corol-
lary (3.2.2)

Corollary 3.2.6. If f,g: A — X are two strongly p-measurable functions such that x*o f = x* o g u-almost
everywhere, for each z* € F, where FF C X* is a subspace which separates the points of X, then f = g,
w-almost everywhere

Proof: If f takes almost all its values in a separable closed subspace E; C X and g takes almost all its
values in a separable closed subspace Fy C X, then both f, g take almost all their values (outside a p-null
set N € 2) in the separable closed subspace F := < Ey U FE > C X. Since F separates the points of E,
by virtue of Lemma (3.2.1), we can choose a sequence {x}}>°, C F, which separates the points of E. But
by our assumption, for each n € N, there exists a p-null set N,, € 2, such that (z o f)(a) = (z} o g)(a),
for each a € A\N,,. Therefore, x(f(a)) = x%(g(a)), for each n € N and a € A\(NJU2; N,,). Therefore,
f(a) = g(a), for each a € A\(N U2 N,).

3.2.2 The Bochner Integral

In this subsection we turn our attention to the so called Bochner integral, the natural generalization of the
Lebesgue integral to the Banach space valued setting

Definition 3.2.5. A function f: A — X, where (A,2, p) is a o-finite measure space and X is Banach, is
said to be pu-Bochner integrable if-f there exists a sequence (fn)n of p-simple functions such that

(1) limy—00 frn = f p-almost everywhere.
(2) limpsoo [ | fu = fIl du=0.
Remark 3.2.3.

1. If f is u-Bochner integrable then it is strongly pu-measurable. The same is true for the functions f,, — f,
n € N. So, by the continuity of the norm and Corollary (3.2.5), we deduce that || f,, — f || is strongly
p-measurable, so || f,, — f || is p-measurable, for each n € N.
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2. A p-simple function is trivially p-Bochner integrable.

Definition 3.2.6. Let f : A — X be a p-simple function, as in Definition (8.2.4), which has the form
f= Zf\;l Ia,z;. Then we define the Bochner integral of f with respect to u as follows:

N
/Af dp = Z,u(Ai)xi € X.
i=1

Definition 3.2.7. Let f : A — X be a p-Bochner integrable function as in Definition (3.2.5). Then the

limat
/fdu = lim /fn du
A n—oo A

exists in X and is called the Bochner integral of f with respect to .

Remark 3.2.4. In definition (3.2.6) the integral is independent of the representation of the u-simple function
f. In definition (3.2.7) the integral is independent of the approximating sequence.

Proposition 3.2.4. If f is p-Bochner integrable and g is a p-version of f, then g is also pu-Bochner integrable
and [, f dp= [, 9 du
Proof: It is direct from Definitions (3.2.5) and (3.2.7).

Proposition 3.2.5. Let f : A — X, (where (A, 2, u) is a o-finite measure space and X is Banach), be a
w-Bochner integrable function. Then, for each x* € X* it holds that

([ fdw = [ @ s dn

Proof: Make use of the standard machinery, i.e prove the above identity for u-simple functions and then
the general case follows by approximation.

A practical necessary and sufficient condition for Bochner-integrability is given by the following proposition:

Proposition 3.2.6. Let (A, 2, 1) be a o-finite measure space and X a Banach space. A strongly p-measurable
function f: A — X is u-Bochner integrable if and only if:

J 51 du< o,
A
Proof:

7 =7 Let f be u-Bochner integrable and consider a sequence (f,), of u-simple functions which satisfies the
two conditions of Definition (3.2.5). Obviously, for each n € N, we have that [, || fo | du < co. In
addition, for a fixed € > 0, there exists a ng € N, such that fA Il fo — f1l du < e, for each n > ng. So

we have,
SN0 s [ W= 1 dt [ g i<
A A A

7 <7 Let (fn)n be a sequence of p-simple functions such that lim, .. fn(a) = f(a), for each a € A\N,
where N € A, p(N) = 0. For each n € N, define the function

gn =Ty o <21 £ 11 fn

Then, (g, )n is a sequence of p-simple functions which converges to f p-almost everywhere. Indeed, for
a fixed a € A\N, there exists ng € N, such that

[ fala) [ =11 f(@) | <[ fula) = fla) | <[ f(a) || for each n > no.

Therefore, for each n > ng, we have g,(a) = f,(a) and the result follows.
On the other hand, for each n € N it holds that

lgn = FI < Ugnll+NFN <2071+ 051 =30171-

Therefore, by the scalar Dominated Convergence Theorem we get that

1im/Hgnff|| di = 0.
n—oo A
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Proposition 3.2.7. If f: A — X is u-Bochner integrable then it holds that H fA fdu || < fA £ dp.

Proof: Use the standard machinery. The above inequality is true for p-simple functions. The general case
follows by approximation.

Remark 3.2.5. If f : A — X is yp-Bochner integrable and B € 2, then the function Iz f is u-Bochner integrable
and the function f|p is u|p-Bochner integrable and it holds that [, Ipf du= [ f|z du|s.

Definition 3.2.8. If f: A — X is a pu-Bochner integrable function and B € 2, then we define

[ fdu= [ 1of du= [ flo duls.

Proposition 3.2.8. If f: A — X is a u-Bochner integrable function and u(A) =1, then

/ fdu € conv{f(a):ac A}.
A

Proof: Suppose that [, f du ¢ conv{f(a): a € A}. Then, by the Hahn-Banach Separation Theorem
([BR] Th. 1.7) we can choose z* € X* and ¢ € R such that:

Re<x*,/Afdu> < d < Re <z f(a) >, for each a € A.
Equivalently, by Proposition (3.2.5)

/AR6<J:*,f> dp <6< Re<z*, f(a) >, for each a € A.
By integration, since u(A4) = 1, we get

/Re<:c*,f> du <§§/Re<x*,f> du,
A A

which leads us to a contradiction.

Proposition 3.2.9 (Dominated Convergence Theorem). Let (fy,), be a sequence of u-Bochner integrable
functions from a o-finite measure space (A, 2, 1) to a Banach space X such that

1. limy, o0 frn = f, p-almost everywhere.
2. there exists a p-Bochner integrable function g : A — K, such that || fn || < |gl|, p-almost everywhere.

Then, f is u-Bochner integrable and

i [ 1411 du=0.
n (o] A
In particular,

n—oo

lim fn du :/ fdu.
A A

Proof: Because || f|| < |g| p-almost everywhere we deduce from Proposition (3.2.6), that f is y—Bochner
integrable. In addition, since || f, — f || < 2|g|, pw-almost everywhere, we can apply the scale Dominated
convergence theorem to get the first identity. Moreover,

L] - |-l

/||fn*f|| dp — 0, as n — 0o.
A

IN
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Proposition 3.2.10. Let (A,2, 1) be a o-finite measure space and X,Y two Banach spaces. If f: A — X
is a p-Bochner integrable function and T € B(X,Y) is a linear and bounded operator, then Tf : A — Y is

u-Bochner integrable and it holds that
T/fd,u:/deu.
A A

Proof: It is a direct consequence of Definition (3.2.5) and the continuity of T

Theorem 3.2.3 (Hille). Let f: A — X be a u-Bochner integrable function and T : X D D(T) = Y, where
Y is Banach, a closed linear operator. If f takes p-almost all its values in D(T) and the p-almost everywhere
defined function Tf : A =Y, is u-Bochner integrable, then

/fdueD@)
A

TAf@:ATMM

Proof: Consider the Banach space X x Y, equipped with the norm || (z,9) || x«y = |z ||x +]| ¥ ||y~ Since,
T is a closed operator the graph G of T is a closed subset in X x Y. Consider the p-almost everywhere
defined function g : A - Gr C X xY, g = (f,Tf). Then, it is easy to see that g is strongly p-measurable

and since
/ngn du=/Hf|| du+/||Tf|| dji < oo,
A A A

we conclude, by Proposition (3.2.6) that g is p-Bochner integrable. Furthermore, since G is closed, we
have that ng dyp € Gp. But applying Proposition (3.2.10), for the two projections of X x Y to X and Y

respectively, we get
[odu=([ sdn. [ 7f d) < Gr.
A A A

Therefore, [, f dp € D(T)and T [, f du= [, Tf dp.

and

Theorem 3.2.4 (Pettis). Let (A, 2, u) be a finite measure space and consider a fivred 1 < p < oco. If
[+ A — X is a strongly p-measurable function such that < x*, f >€ LP(A), for each z* € X*, then there
exists a unique x5y € X such that

<z*,xy >:/ <z*, f > du, forallxz* e X".
A

In this case, the element x5 is said to be the Pettis integral of f with respect to u.

Proof: Without loss of generality (Pr. (3.2.3)), we assume that f is strongly 2A-measurable, thus
A-measurable (Pr. (3.2.1)). For each n € N, set A, = [|| f|| < n] € A. Then, by Proposition (3.2.6)
the Bochner integral fAn f dp exists in X, for each n € N. Moreover, the linear operator S : X* —
LP(A), Sz* =< z*, f > is closed, so by the closed graph theorem is bounded. We will show that the limit
lim,, o fA f dp exists in X. Since X is Banach, it is enough to show ( fA f du), is Cauchy. To this aim,
by using Holder’s inequality, for each, z* € X* and positive integers m > n we have,

<fc*,/ fdu>| < p(An\A, 5/|<m,f>|1’du%
A \A,

,U(AM\An)E | Sz “LP
,U(Am\An)E || S ” ” z* H )

IN

where % + % = 1. Therefore,

fdu ,u(Am\An)% | S| — 0, as n,m — oco.

Am \An
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So, the limit
zy = lim fdpeX.

n— oo A
n

Moreover, for each z* € X*

<z*,zy >= lim <z* f> du:/ <z*, f> du.
A

n— oo A
n

Finally the uniqueness of = is obvious from the Hahn-Banach Theorem.

Definition 3.2.9. Let (A, u) be a o-finite measure space, X a Banach space and 1 < p < oco. We define
the space LP (A, X) as the linear space of (equivalence classes of ) strongly p-measurable functions f : A — X,
which satisfy

J 117 du < o
A

This space equipped with the norm

P /A £ du)t

1s a Banach space.

Definition 3.2.10. Let (4,2, 1) be a o-finite measure space, X a Banach space. We define the space
L (A, X) as the linear space of (equivalence classes of) strongly p-measurable functions f : A — X, which
satisfy the condition

there exists r > 0 such that p{|| f|| >r} =0.

This space equipped with the norm

1 e ax) =mf{r =0 p{|[ f]| >r} =0}

1s a Banach space.
For further information on the above spaces of functions see [DS IJ.

3.3 Random variables in Banach spaces

In this section we study random variables with values in Banach spaces. We begin with the definition of
a Banach valued random variable X on a probability space (2, F,P) as a strongly P-measurable function.
By virtue of Proposition (3.2.3), this automatically allows us to assume that X is §-measurable choosing an
F-measurable P-version X of X when necessary. This leads us naturally to the extension of the definition of
the distribution of a random variable to the Banach space valued setting. We continue with the notions of
the independency and the Fourier transform of a probability measure and of a random variable, which are
very important for the forthcoming material. The section ends with the celebrated It6-Nisio theorem which
gives equivalent types of convergence of sums of independent and symmetric random variables.

From now on, we consider that all the vector spaces are real.

3.3.1 Random variables

Definition 3.3.1. Let (Q,§,P) be a probability space and E a Banach space. A function X : Q — E is said
to be a random variable if-f it is strongly P-measurable.

Definition 3.3.2. Let (Q,F,P) be a probability space and E a Banach space. For a P-Bochner integrable
random variable X : Q) — E we define the mean value or expectation of X as the integral

E[X] ::/QX dP.



3.3. RANDOM VARIABLES IN BANACH SPACES 51

Remark 3.3.1. It is easy to check the following aseertions. If X : Q@ — E, Y : Q — E are two E-valued
random variables and A € R, then X +Y and AX are E-valued random variables and (X,Y) is an F x E-
valued random variable. Furthermore, if X,Y are Bochner integrable, then the same is true for (X,Y),
X +Y and AX and E(X,Y) = (EX,EY), E[X 4+ Y] = E[X] + E[Y] and E[AX] = AE[X]. Moreover, if £ is a
real random variable on (Q,§,P) and = € E, then £ - x is an E-valued random variable. If in addition ¢ is
integrable, then & -  is also integrable and E[¢] - z = E[€ - z].

Remark 3.3.2. Let X : Q — F be arandom variable. Then by virtue of Proposition (3.2.3) there exists a PP-
version X of X, which is strongly §-measurable. By Proposition (3.2.1) it follows that X is also §-measurable.
Moreover, it is easy to verify that for two strongly §-measurable versions X,Y of X it holds that

P[X € B] =P[Y € B], for each B e B(FE).
Definition 3.3.3. Let X : Q@ — E be a random variable and X a strongly §-measurable version of X. We
define the set function Px : B(E) — [0,1],

Px(B) := P[X € B] :=P[X € B.

Then (E,B(E),Px) is a probability space and the Borel probability measure Px is called the distribution
of X.

Definition 3.3.4. Two E-valued random variables which are not necessarily defined in the same probability
space but they have the same distribution are called identically distributed.

Proposition 3.3.1 (Change of Variable). Let (Q,§,P) be a probability space, E,F two Banach spaces,
X :Q — FE a random variable and g : E — F a continuous function. Then, it holds that

[ ax) @ = [ g(w) dex(a).

whenever at least one of the above integrals is defined.

Proof: Use the standard machinery, i.e prove the above for simple functions and then the general case
follows by approximation.

Corollary 3.3.1. Let X,Y be two E-valued random variables that are identically distributed and p > 1.
Then,
E|X|P=E|Y]",

Proposition 3.3.2. Let X : Q@ — E be a random variable. Then, it is tight, i.e for each € > 0, there exists
a compact subset K C E, such that P[X ¢ K| < e.

Proof: Without loss of generality we assume that F is separable. Consider a dense sequence {x,}22; in

S, 1 T |
E. Then, for each & € N we have that £ = U B(zy, E) For each n € N, set B, := U B(z;, %) Then, it

n=1 i=1

holds that -
1= P[Ql[X € B,J] = lim PIX € By).

Therefore, for a fixed € > 0, there exists Ny € N, such that

which implies that

N 1 €
P[X € ng(a;n, I>1- o
Observe now that the set K := ﬂ U B(xp, E) is closed and totally bounded, thus compact, since E is
k=1n=1

complete. Moreover,
Ny,

PIX ¢ K] <Y PIX ¢ | E(mn,%)] < ZQ% =e.
k=1

n=1 k=1
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Definition 3.3.5. A family X of E-valued random variables on a probability space (2,F,P) is said to be
uniformly tight if-f for each € > 0, there exists a compact K C E such that P[X ¢ K] < e, for each X € X.
Lemma 3.3.1. If X is a uniformly tight family, then X — X = {X; — Xo: X1, X5 € X} is uniformly tight.

Proof: Let ¢ > 0. Consider a compact set K C E such that P[X ¢ K] < §, for each X € X. Then, the set
L={xy—x9: 21,29 € K} is compact as the image of the continuous function K x K 3 (z,y) >z —y € K.
Moreover, for each X1, X € X, we have

P{(X) — X5) ¢ L] <P[X; ¢ K] +P[X, ¢ K| <e.

3.3.2 Convergence in Probability

Definition 3.3.6. Let (X,), be a sequence of E-valued random variables, (where E is Banach), on a
probability space (Q,F,P). We say that

e (X,)n converges in Probability to the random variable X, if-f for each r > 0:

lim P[|| X, — X || > ] = 0.
n— o0

o (X,), converges in LP to the random variable X, (for a fized 1 < p < o0), if-f E| X, ||V < oo,
E|| X |” < oo and
lim E|| X, — X ||” = 0.
n— o0

Lemma 3.3.2 (Chebyshev’s Inequality). For a random wariable X : Q — E, X € LP, for some fized
1 < p < oo, it holds that, for each v > 0

1
Bl| X || > 7] < —E| X"
T

Proof:

BUXIZ [ X ez [ e =B X 2
(I X |7 =r?] (I X |7 =r?]

Corollary 3.3.2. Iflim, .o X, = X, in LP, for some 1 < p < oo, then lim,_,, X,, = X, in probability.
Proof: Apply the Chebyshev’s inequality.

Proposition 3.3.3. If X,, : (Q,F,P) — E, n € N converges in probability, then there exists an almost sure
convergent subsequence,

Proof: Assume that lim, ,. X,, = X in probability. Then, we can choose an increasing sequence of
indices ny < ng < ..., such that

1

Pl X, — X || > E] for each k € N.

1
< ok
Set )

A = [| Xpn, — X || > E]’ k€N,
Since Y7 P(A,) < oo, by the first Borel-Cantelli Lemma (e.g see [SP] pg 9) we have that for
N ={weQ:we A io}€F,

it is P(N) = 0. Observe now that for each w ¢ N, there exists ko € N, such that

[ X (w) = X(w) || < for each k > ko.

)

T =

Therefore, for each w ¢ N, we have limy_,o0 X, (w) = X (w). Thus, limy_, o Xp, = X, almost surely.
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3.3.3 Independency and Fourier Transforms

Definition 3.3.7. Let E be a Banach space and u a Borel probability measure on E. The Fourier trans-
form of u, is the function i : E* — C

ﬁ(l‘*) ::/ ei<x*,m> d,u(a:)
E

Definition 3.3.8. Let (Q,F,P) be a probability space, and E a Banach space. The Fourier transform of
a random variable X : Q — E is the Fourier transform of its distribution Px : B(E) — [0,1]. This is

X(m*) ;:/Eei<;c*,;c> dﬂbx(l‘):‘/gei<w*7X> d]P:E[ei<“*7X>].

Theorem 3.3.1 (Uniqueness of the Fourier Transform). Let X1, Xo be two E-valued random variables such
that X1 (x*) = Xao(a*), for each x* € E*. Then, they are identically distributed. In other words if Px = Py,
then IPX = ]Py.

For a proof of this result see [NR] pg 19.

Definition 3.3.9. Let (Q,§,P) be a probability space, I a parameter set and (X;)icr a family of random
variables on (Q,§,P) such that, for each i € I, the r.v X; takes its values in the Banach space E;. The family
(X)ier is said to be independent if-f for each N € N and all choices of distinct indices i1,1s,...,ix and
Borel sets By € B(FE;,), Bs € B(E.,),...,By € B(E;,), it holds that

P(m [Xis € Bs]) = HP[Xu € Bs]'

s=1
Proposition 3.3.4. Let (X1, Xo,...,Xn) be random variables on (2,5, P) with values in the Banach spaces
Ey, Es,...,EN respectively. Then, (X1, Xa,...,Xn) is independent if and only if

P(X17X2 _____ XN):PX1®PX2®--~®PXN-

Proof: If the random variables are independent, then the above probability measures are equal in the
class of measurable rectangles € = {B; X By X ... x By : B; € B(E;),i = 1,...,N}, which is a 7-
system. Therefore, by Dynkin’s Lemma we conclude that the two probability measures are equal in o(€) =
B(E1) @ B(E2) ®...0B(EN), as desired.

For a detailed discussion of m-systems, A-systems and Dynkin’s Lemma see [BL] ch.1 section 3, while for a
beautiful presentation of product measure spaces and o-algebras see [KM] ch. 9.
In the following Proposition the random variables are defined on (2, §,P) and are E-valued.

Proposition 3.3.5. If lim,, oo X;, = X and lim, oo Yy, = Y in probability and for each n € N X,, is
independent of Y, , then X,Y are independent.

Proof: By virtue of Proposition (3.3.3), without loss of generality we assume that lim, - X, = X and
lim, .~ Y, =Y P-a.s. Then, for each * € E* and y* € E* we have

@(X,y)(x*,y*) = E{ei(<w*,x>+<y*,y>)}

— lim E {ei<z*,Xn>6i<y*,Yn>}
n—oo

—_ lim FE {€i<$*,Xn>}E {ei<y*,Yn>}

n—oo

- E {€i<m*,X>} E {ei<y*,Y>}
= Bx(@) Fr(y") = Px o Py(a"y"),
where in the second and fourth line we used the scalar Dominated Convergence Theorem, in the third line

we used the independency of (X,,,Y;,) and in the last line the Fubini’s Theorem. So, we have concluded

that @(X,y) = Px ® Py. Therefore, by the uniqueness of the Fourier transform (Th. (3.3.1)) we get that
Px,yy = Px ® Py. By virtue of Proposition (3.3.4), the random variables X,Y’, are independent.
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Definition 3.3.10. A random wvariable X : Q — FE is said to be symmetric if-f the r.v X and —X are
identically distributed.

Remark 3.3.3. If X is an E-valued symmetric random variable and A € R, then AX is also an E-valued
symmetric random variable. Moreover, if € is a real symmetric random variable and « € E, then £ - z is an
E-valued symmetric random variable. Indeed, for B € B(FE)

P({we Q: W)z e BY) =P{w e : &w) € fU(B)}) =P({we Q: —£w) € f(B)}) =
=P{we Q: —¢(w)x € B}),
where f: R — E, f(a) = a -« is Borel measurable.

Proposition 3.3.6. Let X,Y : Q — E, be two random variables. If X is symmetric and independent of Y,

then for each 1 < p < 0o, we have:
E|X|P<E[X+Y]°

Proof: The random variables X +Y and —X +Y are identically distributed. This is because the random
vectors (X,Y) and (—X,Y) are identically distributed, since their distributions are equal in the 7-system of
measurable rectangles. Therefore we have,

1 1 1
EIX|")? = E|X+Y)+(X-Y)|")
1 L 1 L
< SEIX+Y )7+ SEIX Y7
— E|X+Y|")?

Lemma 3.3.3 (Lévy’s Inequality). Let X1,...,X,, be independent and symmetric random variables defined
on (2, F,P) and with values in E and set Sy = Zle X, k=1,...,n. Then, for each r > 0, we have:

IP’{ max || Sk || >r} <2P{|| Sk || > r}.
1<k<n

Proof: For each k =1,...,n, we set
A =Al[Stl <reo s 1 Se—a | <7 | Skl > 7}

Observe that A; N A, = 0, for each | # m and U}_; Ay = {maxi<k<n || Sk || > r}. Furthermore, for each
1 < k <n we have,

1
Sp = i(Sn + (QSk — Sn))

Therefore,
{ISell >r} Al Snll > r} U{ll28 = Sull > r}.

Moreover, for a fixed k € {1,...,n} it is easy to verify that (Xq,...,X,) and (X1,..., Xk, —Xg41,--., —Xn)
are identically distributed. To see this use the symmetry of each X; and Proposition (3.3.4). Furthermore,
since

Sh ZSk+Xk+1 +...+ X, and 25, -5, ZSk—Xk_H — ... X,,
we can conclude that (Xi,..., X, S,) and (Xq,..., Xk, 25, — S,,) are identically distributed. To see the
last statement, observe first of all that since (X, Xg41,...,X,) and (—Xg, —Xg41,..., —X,,) are identically
distributed, then f((Xg, Xgt1,...,Xn)) and f(—Xg, —Xg+1,...,—X,), where f : E™ — FE is the continuous
function f(z1,...,z,) = Z?:l x;, are identically distributed. But these are S,, — S; and 2S5, — S,, — Sk.
Now, arguing as before we get that (Xq,..., Xg,Sp, — Sk) and (X1,..., X, 25, — S, — Sk) are identically
distributed and the desired result follows by making a continuous transformation. After all that, we have,

P(Ax) < P(Ax N1 Sn [l > 7}) + P(AR N {125k = S || > r}) = 2P(Ax O {][ Sn || > 7).
Therefore,

P(A) =) P(Ax) <2) P(AN{]ISull > r}) = 2P{]| S || > 7}
k=1 k=1

We end the section with the celebrated It6-Nisio theorem which was proved in their paper [I-N].
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Theorem 3.3.2 (It6-Nisio Theorem). Let X,, : @ — E,n € N be independent and symmetric random
variables and set S, =Y., X;, n € N. Then, the following statements are equivalent:

(1) limy, oo < z*,5, >=< z*,5 > P-a.s, for each x* € E*.

(2) lim, o0 < 2*, S, >=<x*,5 > in probability, for each x* € E*.

(3) limy 00 Sy = S P-a.s

(4) lim, o0 Sp = S in probability.

where S : Q@ — E is a random variable.
Furthermore, if the following conditions are true and E|| S ||’ < oo, for some 1 < p < oo, then

lim E| S, —S|° =o0.
n—oo

3.4 (Gaussian measures in Hilbert spaces

Let (U, <,>) be a separable Hilbert space with an orthonormal basis {e, }>2 ; and B(U) its Borel o-algebra.
Let p be a probability measure on (U,B(U)). By a real random variable on the probability space
(U,B(U), 1) we understand a measurable function X : (U, B(U)) — (R,B(R)). For each v € U define
fo €U* by fy(u) =< wu,v >y, ueU.

Definition 3.4.1. A probability measure p on (U, B(U)) is said to be Gaussian measure if-f for each
v € U, the element f, € U* has Gaussian law, as a real random variable on (U,B(U), n). That is, for each
v € U there exist o, > 0 and m, € R such that, if o, >0

_ (t=my)?

M?)(B) =M (B) = .u({u eU: fv(u) € B}) = \/27];7/36 200® dt, VB € %(R)

If o, =0, then p, = 6y, , where oy, is the Dirac measure concentrated at m,.

In order to give a characterization of Gaussian measures on Hilbert spaces we need the following Lemma

Lemma 3.4.1. Let p be a probability measure on (U,B(U)) and k € N such that
/U| < z,x> ¥ du(x) < oo, forall z€U.
Then, there exists a constant C(u, k) > 0 such that for all hy,ho,... hy € U
/U\ <hy,z>... <hgx>|duz) < C(uk)|[h]l .| bl -
This means that the symmetric k-form
(h1,...,hy) ﬁ/U <hp,x>... < hg,x> du(z)

18 continuous.

Proof: For each n € N set
U,={z€U: / | < z,2 > |* du(x) < n}.
U

Obviously U = Up2,U,. Moreover, for each n € N, U, is closed. Indeed if {2;}32, C U, such that
lim; 00 zj = 2. Then, lim; o | < 25,7 > |¥ =| < 2,2 > |¥. Thus, by Fatou’s Lemma

/ | <z > P du(z) < 1i_minf/ | < zj,x > |F du(x) < n.
U J=ee Ju
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Thus, z € U,. Now, since U is complete by virtue of Baire’s Category Theorem, there exists ng € N such
glat Ung is not nowhere dense. This means, thit there exists rop > 0 and Zp € U, such that B(zp,r9) C
U, = B(z0,70) C Uy,. Therefore, for each y € B(0,7) we have zy, 20 + y € B(20,70) C Up,. Thus,

/U\ <z +y,x> " du(z) <ng
And for each y € B(0,79) we have,
/\<y,x>|kdu /|<zo+y,x>—<zo,x>|kdu()
< 2’“/(]\ <z +y,x>|F du(x)Jer/U| < 20,2 > |" du(x) < 28 ng
So,if z€ U and || z|| = 1, y = roz € B(0, 7). Thus,
/\<zx>|kd/¢( /|<y,ac>|kd/,t()<2’“Jr1 oro ",
Therefore, for all hy, ...,y € U\{0}, by Holder’s inequality we have,

x >‘ du(z)

(RN /R

< (1< o> e ) AR~ |9”>'kd””>l1

S 2k+1n0r07k.

Theorem 3.4.1 (Characterization of Gaussian measures). A finite measure p on (U, B(U)) is Gaussian if
and only if

ﬂ(u) — / ei<u,m>u du(.ﬁ) _ ei<m,u>U—%<Qu,u>U7 = U,
U

where m € U and Q € B(U), Q@ > 0 and Tr(Q) < oo. In this case we write p = N(m,Q), m is called
the mean of p and @Q s called the covariance operator of p. The probability measure p is uniquely
characterized by m and Q.

Proof: (Sufficiency) Assume that
[L(u) :/ 6i<u,ﬂc>u d,u(x) — e7J<m,u>Uf%<Qu,u>U7 weU.
U

We will show that p is Gaussian, i.e for each v € U the real-valued random variable f, € U* has Gaussian
law. But, for each t € R

i = [ @ duta) = [ er<er aua)

- /U <Y () = fito).

Thus,

/lf (t) _ eit<m,v>—%t2<Qv,v>.
By the uniqueness of the Fourier transform of Borel probability measures (Theorem (3.3.1)),this means that
f, is a Gaussian real valued random variable with m, =< m,v >€ R and ¢, =< Quv,v >> 0.
(Necessity) Conversely, now assume that p is a Gaussian measure on (U, B(U)). Since, for each v € U,
fv € U™ is real valued Gaussian random variable, arguing as before we have

2

1My — 50y

N|=

f(v) = py, (1) = e
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So, it is enough to show that there exists m € U such that m, =< m,v >, for each v € U and there exists
Q € B(U), Q >0 and Tr(Q) < oo such that 0,2 =< Qu,v >, for all v € U. Note that

/|<xv>|du /|fv|du /|t|dufv()<oo forall veU
Thus, form Lemma (3.4.1) we have that the map
U9v—>/ <xz,v> du(z) e R.
U

is a linear and bounded functional on U. Thus, by Riesz Representation Theorem, there exist a m € U such
that

< m,v >:/ <z,v> du(x) =E[f,] =m,, forall veU.
U

Moreover we have
/ | < x> |2 du(x / |fol? dp = /]Rt2 dug, (t) < oo, forallveU.
Therefore, again by Lemma (3.4.1), the symmetric bilinear form
(h1,ha) — /U < x,hy ><x, he > du(z)— <m,hy ><m,hy >

is continuous. Thus there exists a symmetric @ € B(U) such that

< Qhy,hy >= /U <x,hy ><x,hy > dp(x)— <m,hy ><m,hy >, forall hy,hy €U.
Therefore,

< Qu,v >= /U < z,v>% du(z)— <m,v >*=E[f,*] —E[f,]?=02>0, forall veU.

It remains to show that Tr(Q) < co. Without loss of generality we may assume that m = 0. This is because
the translated measure i(A) = u(A +m), A € B(U) has zero mean and the same covariance operator
with p. Indeed it is an easy task to show that for an integrable random variable f : U — R it holds that
Jo f(x) dip(x) = [, f(z —m) du(x). Therefore, for each u € U we have fi(u) = e~ 2 <Quwu>,

So, we assume that m=20 and thus we have

e~ 2<Qh.h> _ / et <> dp(x) :/ cos < h,z > du(x).
U U

By using the inequality 1 — cosx < %xz, we get that for a fixed ¢ > 0

1
1 — e 2<Qmh> _ /U(l —cos < h,z >) du(z) < /{ | < hyx > 2 du(z) +2u({z: ||z || > c}).

|zl <c}

We define Q. € B(U), Q. > 0 by

< Qch1, ho >=/ < hy,x >< hg,x > du(z), hi,hy €U.
{llzlI<c}

Observe that Tr(Q.) < co. Indeed,
:Z<chk¢7ek >=Z/ <ep,x > du(z)
k=1 =1 Yl z <}

o0

:/ Z<ek,x >2 du(x):/ [ z]? du(z) < ? < 0.
{llzli<e} p=1 {llzl<c}
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We will show that there exist ¢ > 0 such that
< Qh,h >< 2logd <Q:h,h>, forall heU, (3.4.1)

which implies that T7(Q) < 2log4 Tr(Q.) < co. Since lim. oo u({z € U : ||z || > ¢}) = 0, we can choose
¢ > 0 such that p({z € U : || || > c}) < %. And for this ¢ > 0 choose h € U such that < Qch,h >< 1.
_3
=1

Thus, we have 1 — e~ 2<Qh> < 1 s+ 4 which implies that

< Qh,h > < 2log4. (34.2)

Now, for an arbitrary h € U such that < Q.h,h >%# 0 we replace h with W in (3.4.2) and we
derive (3.4.1). On the other hand, if < Q.h,h >= 0, then for each n € N < Q.nh,nh >=0 <1 and thus

< Qh,h><n"22log4.
So < Qh,h >= 0, which means that in this case (3.4.1) is true.

Corollary 3.4.1. Let pu be a Gaussian measure on (U, B(U)) with mean m and covariance operator Q. Then
for each u,v € U we have

(1) <m,u>yp=my =E[f,] = [, <z,u> du(z).
(2) <Qu,v>p= [, <z—myu>yp<z—mv>y duz).
(3) Tr(Q) = fy llz —m | du(x).
Proof:
(1) It is direct from the proof of the previous Theorem.

(2) Use (1) and do the computations to derive that [, <z —m,u >y<z—m,v >y du(z) = [, <z,u><
x,v > dp(x)— < myu><m,v >=< Qu,v >.

(3) Use the Monotone convergence Theorem to interchange the sum and the integral and Parseval’s equality.

Definition 3.4.2. Let (2, F,P) be a p.s. A random wvariable X : Q — U is an (§,B(U)) measurable
mappping. We say that X is Gaussian random variable if-f the distribution Px is a Gaussian measure

n (U, BU)), i.e Px = N(m,Q), for some m € U and Q € B(U), Q@ >0, Tr(Q) < oo. In this case m is
called the mean of X and Q is called the covariance operator of X.

Proposition 3.4.1. If X is a U-valued Gaussian random variable with mean m and covariance operator @,
then for each u,v € U

(1) E[< X,u>y] =<m,u >y

(2) E(< X —myu>y< X —m,v >y) =< Qu,v >y

(3) E(| X —m|}) =Tr(Q)

(4) EX]=m and Qu=E(< X —m,u> (X —m)), forallueU

Proof: (1), (2), (3) follows from Corollary (3.4.1) by a change of variables. By Proposition (3.2.5) for
x* = fy, observe that for each u € U, < E[X],u >= E[< X,u >] =< m,u > and thus E[X] = m. Moreover
for all u,v € U we have

<Quu>=E(<X-—mu><X-mov>)=E(<<X-mu>-(X—-—m),v>)=<EKX-mu>X-m)),v>.

Therefore, Qu=E(< X —m,u > (X —m)), forallueU.

Remark 3.4.1. Let (2, F,P) be a probability space and U a separable Hilbert space. A U-valued random
variable X : (Q,5,P) — U is Gaussian if and only if for each u € U, < u, X > is an R-valued Gaussian
random variable. This is direct from Definition (3.4.2) and Definition (3.4.1).
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0 with Tr(Q) < oco. A U-valued random variable

Prop051t10n 3.4.2. Let m € U, Q € B(U), Q >
Q) if and only if X can be represented as a P-a.s convergent

X : (Q,8,P) = U is Gaussian with Px = N(m,
series

X =m+ Z V\kBrex, (3.4.3)
k=1

where (A, e) are the eigenpairs of Q, and {Br}52, are independent real random variables with Pg, = N(0,1),
when A\ > 0 and By = 0, when A\, = 0. Moreover, the series in (3.4.3) is convergent in L*((Q,F,P),U).

Proof: Assume that X is a Gaussian U-valued random variable. Then by remark (3.4.1) we have that
for each u € U, < u, X > is a real Gaussian random variable. Moreover by Proposition (3.4.1) we have

E[< X, ex >] =<m,e > (3.4.4)
and
]E[< X — m,ep >< X —m,e >} =< Qek, e; >= Aoy (345)
Observe that when A\, = 0, by (3.4.5) we deduce that < X —m, e, >= 0 P-a.s. Therefore we have

Z<X >ek

:m+Z<X(w)—m,ek>ek

=m+ Z VAkBr(w)er, P-as
k=1

where

By = ﬁ<X—m,ek> when A\; > 0,
0 when A\ = 0.

By (3.4.4) and (3.4.5) is direct that when A; > 0 the real random variable 8 has distribution Pg, = N(0, 1).
It remains to show that {8;}7>, are independent. In order to show this, we will use the well known fact
from probability theory (see Th. 16.4 [PR]), which says that if Y = (¥7,Y3,...,Y},) is an R™-valued Gaussian
random variable, then the family {Yj}}_, of real random variables is independent if and only if for each
k #1, Cov[Yy,Y:] = 0. In our case, for a fixed n € N, § = (f1,...,0,) is an R"-valued Gaussian random
variable. Indeed, for each v € R™ we have,

<5,1/>Rnf2ykﬁkfzyk <Xfm,ek.>U

A >0
=< X, Z =
A >0
which is an R-valued Gaussian random variable. And by (3.4.5), we deduce that for k # I, E[r ;] = 0. This
shows the desired independency.
Finally we will show that the series in (3.4.3) is convergent in L?((Q2,F,P),U). Indeed we have Tr(Q) =
Y req Ak < oo and thus

ek>+C

2

L2((%,8,P),U)
=E (Z )\kﬂk2> = Z )\kIE[ﬁkQ} = Z >\k —0 n,m — oQ.
k=n k=n k=n

Conversely, let 8, er and A\ be as assumed and define

X =m+ Z V Ak Brex.
k=1
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By the above computation the series is convergent in L?((€2, §,P), U) and thus by lemma (3.3.2) is convergent
in probability. So by the It6-Nisio Theorem (3.3.2) the series is convergent P-almost surely. We want to show
that X is Gaussian with mean m and covariance operator (). Let u € U. We have

<m+Z\/EBkek,u >=< m,u>+zmﬁk < eg,u > (3.4.6)
k=1 k=1

is a real Gaussian random variable, since {3;}?_; are independent real Gaussian random variables. Moreover
the sequence of partial sums in (3.4.6) is convergent in L2((Q, ,P),R). Indeed, since Yz = v Bk < ex,u >,
k=1,...,m are independent real Gaussian random variables with mean zero we have

Var(d Vi = {Z Yk} =Y EW’] =) Var[Vi].
k=n k=n k=n
Therefore,

u >

u >

L2(Q,R) k=n

=D BB’ <eru > < ul? Y MEBS] = [lul® Y A =0, nym = oo
k=n

k=n k=n

Since the series is L?((£2,§,P),R) convergent, we get (see Th. 4.1.5 [BW]) that the limit < X,u > is a
Gaussian real random variable with E[< X,u >] =< m,u >. Moreover, for each u,v € U we have

El< X —m,u >< X —m,v >| Zfﬁkek,u><z\/>/3;el,v>

=k (ZZ VARV NBEBL < e, u >< eg,v >>
k=1 1=1
ZZ VARVNE[BLB] < ey u >< e v >
=1 1=1

Ak < e, u >< e, v >=< Qu,v > .

M

E
I

1

The interchange of the integral and the infinite sum in the above computations is due to Beppo Levy’s
theorem, since

E’\/ ALV )\lﬁkﬁl <eg,u><e,v >‘

K

>

k=11

I
-

oo o0
=> Ml <emu><epv>|<|ulllv] D Ak < oo
b k=1

Corollary 3.4.2 (Existence of Gaussian measures). For each m € U, Q € B(U), Q > 0, Tr(Q) there exists
a Gaussian measure on (U,B(U)) such that p = N(m, Q).

Proof: We assume that there exists a probability space with a countably infinite family of independent
real Gaussian random variables. This is a non-trivial fact from probability theory (see [KAL]). For a given
m € U and @ > 0, Tr(Q) < oo construct a Gaussian random variable X according to Proposition (3.4.2)
and take p = Px.
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3.5 Infinite dimensional Wiener Processes

Definition 3.5.1. Let (Q,§,P) be a probability space and I C R an interval. A U-valued stochastic process
{X(t)}ter is a family of U-valued random variables X (t) on (Q,§,P) indezed by I.

Definition 3.5.2. Two U-valued stochastic processes (X (t))ier and (Y (t))ier on a probability spaces (Q,F,P)
are said to be versions or modifications of each other if-f

P([X(t) Y (¢)]) =0, for each t € 1.

In addition, we say that they are indistinguishable if-f

P(JX () #Y®)]) =0

tel

Definition 3.5.3. Let Q € B(U), Q > 0 and Tr(Q) < co. A U-valued stochastic process {W (t)}1>o is said
to be nuclear Q-Wiener process if-f

(1) W(©0)=0
(2) (W(t))t>0 has continuous paths. That is for all w € 2 the mapping t — W (t,w) is continuous.
(8) For each 0 < s <t, we have W (t) — W(s) ~ N(0, (t — 5)Q).

(4) (W(t))t>0 has independent increments. That is, for all 0 =ty < t1,... < t, < oo the random variables
{W(t;) = W(tj-1)}j—, are independent.

Proposition 3.5.1 (Representation of Q-Wiener processes). Let Q € B(U), @ > 0 and Tr(Q) < co. A
0

U-valued stochastic process (W (t))i>0 is a U-valued Q-Wiener process if and only if for each t > 0, W(t)
can be represented as a P-a.s convergent series
W(t) =/ MeBr(t)ex, (3.5.1)
k=1

where (Mg, er) are the eigenpairs of Q@ and {Bx(t) }1>0 are independent real valued standard Brownian motions
on (,F,P). Moreover, for each T > 0 the series in (3.5.1) converges in L*((Q,F,P),C([0,T],U)). In
particular for every @Q € B(U), Q@ > 0 and Tr(Q) < oo, there exists a U-valued Q- Wiener process.

Proof: Assume that (W (t));>0 is a U-valued Q-Wiener process. Then it is direct by Definition (3.5.3)
that for each t > 0, W(t) ~ N(0,tQ). Arguing as in the Proof of Proposition (3.4.2) we derive that for a
fixedt >0

W) =3 VAbB(ter P-as,
k=1

where
A < W(t),exr > when X\ >0,

— pYS
Br() = { 6/7 when A, = 0.
Moreover for a fixed ¢t > 0, we have that {f5(t)};2, are independent real Gaussian random variables, with
Br(t) ~ N(0,t), for all Ay > 0. In addition the series in (3.5.1) is convergent in L?((Q,§,P),U).
We will show that for each fixed k € N such that Ay > 0 the stochastic process (8x(t))i>0 is an R-valued
standard Brownian motion. Indeed it is direct that 8;(0) = 0 and since (W (t));>o has continuous paths, by
the continuity of the inner product the same is true for (8;(¢))¢>0. In addition, for 0 =ty <t; < ... <t,

/Bk(tj) - ﬂk(tj—l) = (tj) — W(tj_1),€k > .

1
—<W
V Ak
So, by the independency of {W(t;) — W(tj—1)}j—;, we deduce (see Pr.13.13 [KM]) the independency of
{Br(t;) — Br(tj—1)}7—;. Now, by assumption for each 0 < s < t, W(t) — W(s) ~ N(0,(t — s)Q), so by
proposition (3.4.1) we have E[< W (t) —W(s), e, >] =< 0,ex >= 0 and E[< W (t) =W (s), e >%] = (t— ).
Thus, By (t) — Be(s) ~ N(0,t — s).



62 CHAPTER 3. PROBABILITY IN BANACH SPACES

Next, we will show that (8;())32, is a family of independent stochastic processes. So, for distinet {k;}7_;
and 0 =ty < t; <...<t,, we have to show that

(Bra (81)5 -+ By (Em))s -+ (Br (£1) -+ B (Em))

are independent. For each i = 1,...n, the R™-valued random variable (B, (t1), ... Bk, (tm)) is Gaussian with
zero mean. So, in order to show the desired independency it is enough to show that for {a;}7,, {a}}72; C R™

Za],é’k Za,@k,(tj)]zo, for ki # ky.

This is direct from the following claim.
Claim: For ¢t > s > 0 and i # j such that X\;, A; > 0 we have E[3;(t)3;(s)] =0
Proof of the Claim:

—_

1
Vi
11

= v {E[< W(t) —W(s),e; >< W (s),e; >] +E[< W(s),e; >< W(s),e; >]}

E[5i(t)8;(s)] = E[<W(t),ei >< W(s),e; >]

3

é

—=5 < Qe e5 >= —=s\; < ej,e; >=0.

f\f \F\f

Conversely, let (8x())ren and @ be given as in the statement and define

)= VBr(tex
k=1

We will give a sketch of the basic steps. The very technical points are omitted. Note again that the series in
the above formula is convergent in L2((2, §,P), U) due to the fact that Tr(Q) < oco. It is direct that W (0) = 0
Arguing again as in the proof of Proposition (3.4.2) one can shows that W(t) — W(s) ~ N(0, (t — 5)Q), for
0 < s < t and the independency of the increments. The continuity of the paths is a result of the convergence
of the series in L*((2,§,P), C([0,T],U)).Here, we consider the C([0, T, U)-valued random variables (&;)52,

defined by
t) = \/)\jﬂj(t)ej, te [O,T]

In order to show that the sequence of partial sums Sy = Zjvzl &; is convergent in L*((Q2,§,P),C([0,7],U)),
we will use the Doob’s maximal inequality (Th 4.1 [BRZ]), which states that for a real valued p-integrable
martingale {M(¢)}+>0 it holds that

1

<E[02?ET|M(t)|p]>P < pL( (|M( )|p)) , 1<p<oo.

=

We know that a real-valued Brownian motion (B(t))¢>o is an §P-martingale, where ¥ = o({Bs: 0 < s <

t}). Therefore,
2 2
=E| sup

L2((Q,3,P),C([0,7],U)) 0<t<T

~E ( sup Z ki (t) ) <D ME ( sup ﬁk(t)Q)
k=n

0<t<T § 0<t<T

Z V kB (t)ex
k=n

U

m
<4 Z ME(B(T)?) =4T Y " A =0, n,m — oo,
k=n k=n
since Tr(Q) < co. By the completeness of L?((Q,F,P),C([0,T],U)) we get the desired result.
For the existence of a U-valued @-Wiener process it is enough to consider a probability space with a count-
ably infinite set of independent Brownian motions (the existence of such a space is a non-trivial fact from
probability theory, see [KAL]) and construct a random process as described in this Proposition.
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Definition 3.5.4. Let (22, §,P) be a probability space. A filtration is a family of sub-sigma-algebras {§: }1>0
such that §; C §s C 3§, for allt < s.
A filtration {§}1>0 is said to be normal if-f

(1) Fo contains all sets A € § such that P(A) = 0.

(2) Tt =T+ = Ns>tFs, forallt>0.

Definition 3.5.5. A Q-Wiener process (W (t))i>o is called Q- Wiener process with respect to the fil-
tration {F:}i>0 if-f

(1) {W(t)}i>0 is adapted to {Fi}i>0, that is W(t) is Fe-measurable, for all t > 0.

(2) For each 0 < s < t, the random variable W (t) — W (s) is independent of §s.

For a given Q-Wiener process (W (¢))¢>o, there is always a normal filtration {§; };>¢ such that {W(¢)}i>0
becomes a Q-Wiener process with respect to {§:}+>0. To see this, define

N:={AecF: P(A) =0}, Fo=o(W(r):0<r<s) F:=cNUF,)

and -
Ts = Ny sBo (3.5.2)

Proposition 3.5.2. If {W(t)}i>0 is a U-valued Q-Wiener process on the probability space (2, F,P), then
{W ()} >0 is a Q-Wiener process with respect to the normal filtration defined in (8.5.2).

Proof: Since §, D @s, we have that (W (t)):>0 is §¢-adapted. So we have to show that for fixed 0 < s < ¢,
the random variable W (t) — W (s) is independent of §s. Observe that for all the choices of 0 < #; < t2 <
... <t, <s we have

G(W(t1), ..., W(tn)) = a(W(t1), W (ts) — W(t1),- .., W(tn) — W(ta_1))

which is independent of W (t) — W(s), since (W(t)); has independent increments. By this observation we
deduce that W (t) — W (s) is independent of §, and therefore of §° as well. Finally by the continuity of the
paths,

1
W(t) —W(s) = ILm (W(t)—W(s+ E))
If n is large enough such that s + % <'t, then W(t) — W(s+ %) is independent of §2+L D §s and hence of

§s. This shows that W (t) — W(s) is independent of Fs.

3.6 Martingales in Banach spaces

Let E be a separable Banach space and B(FE) be its Borel o-algebra. When we say that X : (,§,P) - E
is a random variable we mean that it is (§, B(E))-measurable. The following Proposition is a generalization
of the existence of the conditional expectation of an integrable random variable to the Banach space-valued
setting. For the proof see [KV] pg.28-30.

Proposition 3.6.1. Let E be a real separable Banach space and X an E-valued Bochner integrable random
variable on a probability space (,§,P) and let G C F be a sub-o-algebra. Then there exists a unique (up to
a set of P- measure zero) random variable Z € L*((Q,G,P), E) such that

(1) Z is G-measurable
(2) [,XdP= [,ZdP, foral Acg.

The random variable Z is called the conditional expectation of X given G and is denoted by E[X]|G].
Furthermore,
IEXIG <E[| X[[|9] P —as.

Lemma 3.6.1 (Law of double expectation). Let E be a real separable Banach space and X an E-valued
Bochner integrable random variable on a probability space (,F,P) and let G C F be a sub-o-algebra. Then

E(E(X]G)) = E(X).
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Proof: In (2) of Proposition (3.6.1), put A = .

Lemma 3.6.2. Let E be a real separable Banach space and X an FE-valued Bochner integrable random
variable on a probability space (,§,P) and let G C F be a sub-o-algebra. Then for all x* € E* we have

" (E(X|9)) =E(z"(X)|G) P-—a.s.

Proof: First of all, E(Jz*(X)) < |[2*|E(]| X||) < oo. Thus E(z*(X)|G) is well defined. Of course
2*(E(X]G)) is G-measurable and for each A € G we have

/AE(Xlg) dIP’:/Xd]P’

. (/ E(X|G) dP) = =" /XdIP

:»/ E(X|G)) /Am*(X) dPp.

Therefore, z*(E(X|G)) = E(z*(X)|G —a.s., for all z* € E*.

Corollary 3.6.1. Let E be a real sepamble Banach space and X an E-valued Bochner integrable random
variable on a probability space (Q,§,P) and let G C F be a sub-o-algebra. If X is independent of G, then
x*(X) is also independent of G, for each x* € E* and

E(X|G) = E(X).
Proof: Let z* € E*. Since X is independent of G, we have for each A € B(R) and B € G
P([z*(X) € AlNB) =P([X € 2*"1(4)]N B) = P([X € 2*~'(4)]) P(B) =P([z*(X) € 4]) P(B),

since 2* 1 (A) € B(E). Therefore, z*(X) is independent of G. Now, by virtue of Lemma (3.6.2), for each
z* € E* we have

z*(E(X|G)) = E(z"(X)|G) = E(z*(X)) = 2" (E(X)) P-—a.s.
Now by Corollary (3.2.6), we get E(X|G) =E(X) P-a.s.

Definition 3.6.1. Let (2, §,P) be a probability space, E a separable Banach space, (M (t))i>0 an E-valued
stochastic process and (§(t))i>0 a filtration on (2, F,P). The stochastic process (M(t))i>o0 is said to be
St-martingale if-f

(1) E(| M) ]]) < o0, for allt > 0.
(2) (M(t))s is Fe-adapted.
(3) E(M(t)|Fs) = M(s), for all 0 < s < t.

Theorem 3.6.1. Let E be o separable Banach space and (M(t))i>0 an E-valued stochastic process and
(F)i>0 a filtration on (0, F,P). If (M(t))i>0 is an Fi-martingale, then for all x* € E*, (x*(M(t)))i>0 s a
real-valued F¢-martingale. Conversely, if E(|| M(t) ||) < oo, for all t > 0 and for all x* € E*, (*(M(t)))i>0
is an R-valued §-martingale, then (M (t))i>o is an E-valued §-martingale.

Proof: Assume that (M (t));>0 is an §;-martingale and fix a z* € E*. Then, we have
E(lz*(M@)]) < [[«" [| E([| M(¢) ||) < oo.

for all t > 0. Moreover, M(t) is §;-measurable, thus x*(M (t)) is also §-measurable, for all ¢ > 0. Finally,
for 0 < s < t we have

E(z"(M(1))[8s) = =" (E(M(1)|3s)) = 2" (M(s)), P—a.s.

Conversely, assume that E(|| M (¢) ||) < oo for all ¢ > 0 and that (z*(M(t)))i>0 is an R-valued §;-martingale
for all z* € E*. Since x*(M (1)) is F-measurable for all 2* € E*, by the Pettis measurability Theorem (3.2.1)
we deduce that M(t) is §-measurable for all ¢ > 0. Moreover, for 0 < s < ¢ and for all 2* € E* we have

et (B(M(1)[35)) = E(z"(M())[S5) = 27 (M(s)), P—as.
Therefore by Corollary (3.2.6) we get E(M(t)|§s) = M(s), P-a.s.
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Remark 3.6.1. The assumption E(|| M(¢) ||) < oo for all £ > 0 in the converse statement is necessary. It is
possible z*(Z) € L'((Q, §,P),R), for all z* € E* but Z not in L*((Q2,,P), ). For more details on this see
[KV] pg 34.

Theorem 3.6.2 (Doob’s Maximal Inequality). Let E be a separable Banach space and (M(t))i>o0 an E-
valued §i-martingale. If M(t) € LP((Q,5,P),E) for all t > 0, for some p > 1, then (|| M(t)[|")i>0 is a
non-negative real-valued §¢-sub-martingale. That is

E(|M@)[I718s) = | M(s) I, for 0<s<t. (3.6.1)
Moreover if p>1,T > 0, then

E( sup [|M(t )IP) <« _1)p E(|| M(T) ||*) (3.6.2)

Proof: For each 0 < s < t, we have
E(IM@) 1P I8s) > {E M (@) [ 1§} > IE(M@)F) 17 = | M(s) "

Where in the first inequality we used Jensen’s inequality for ¢(xz) = zP,2 > 0. The next of the proof is
consequence of Doob’s maximal inequality for positive real-valued sub-martingales.

Definition 3.6.2. Let E be a separable Banach space, (2, §,P) a probability space and (§(t))i>o0 a filtration.
For T > 0 we define the linear space M (E) of continuous square integrable E-valued {8t }iepo,m-martingales
(M (t))seo,r) =2 M. We equip the space MZ.(E) with the norm

1M W asz gy = ES[up]( (I M (1) %))

Observe that from (3.6.1) by taking the expectations we get
2 2
E(| M(s)[I") < E([| M(T) "), Y0O<s<T.
21
Therefore, || M || ys2 5y = E(I| M(T) [|")>-
Proposition 3.6.2. The space M2(E) is a Banach space and for each M € M2(E) we have

1
| M gy < ECsup || M) [2)? <20 M [[yya ) - (3.6.3)
T t€[0,T T

Proof: The first inequality is obvious and the second one is derived by (3.6.2) for p = 2. Let (M,,), be a
Cauchy sequence in MZ(E). Then by (3.6.3), (M,,),, is also Cauchy in L%((Q2,§,P), (C([0,T]), E)) which is
Banach. Thus, there exists M € L?((Q,,P), (C([0,T)), E)) such that

1 My, = M || 12 (.5.).(c0.17).27) = 05 1= 00
Therefore by (3.6.3) we have that
||Mn_M||M2(E) -0, n— oo
It remains to show that M is an §¢- martmgale Fix0 < s < t. Foreacht € [0, T] we have || M, (t) — M(t) HL2(Q B —

0, as n — oo. Therefore E[M, (t)|Ts] — E(M(t)|Fs) in L*(Q, E). Indeed, ||E(M,(t) — ()|3s)“ <

E(|| M (1) = M(t) ||* [3s). Thus, E(|| E(M,(t) - ()I&) %) < EE(| Ma(t) = M) * [35)) = E|| Ma(t) — M( )*
0, as n — co. On the other hand, E(M,, (¢)|Fs) = M, (s), a.s, from where we deduce that E(M,, (¢)|Fs) — M(s)

in L?(Q, E). From the uniqueness of the limit we conclude that E(M (t)|Fs) = M(s) a.s.

Proposition 3.6.3. Let (W (¢))i>0 be a U-valued Q-Wiener process with respect to the normal filtration
(Ft)e>0 on (Q,5,P). Then W € MA(E) for all T > 0.

Proof: (WW(t)):>0 has continuous trajectories. Moreover E(|| W (¢) 1) =t Tr(Q) < T Tr(Q) < oo, for all
t €[0,7] and (W (t)); is Ft-adapted. Finally for 0 < s < ¢ we have

EW(®)[8s) = EW(t) = W(s)[8s) + E(W(s)[Fs) = EW(t) — W(s)) + W(s) = W(s), a.s,
since W (t) — W (s) is independent of §s and W(s) is Fs-measurable.
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Chapter 4

Stochastic integration in Hilbert
spaces

4.1 The stochastic integral for nuclear Wiener processes

4.1.1 Measurability of operator valued random variables

Consider the space B(U, H) of linear and bounded operators L : U — H, where U, H are separable Hilbert
spaces. It is well known that B(U, H) is a Banach space, when it is endowed with the norm

1T,y =suwp{ll Tl - z €U, |z <1}.

We define the uniform Borel o-algebra B, (B(U, H)) as the smallest o-algebra which contains the open
balls

B(T)={LeB(U,H): ||[L-T| <r}, r>07T¢cB(UH).

Generally the space B(U, H) is not separable (see [KV] page 37) thus it has too many open balls and as a
result the class of B(U, H)-valued measurable functions with respect to Byyi(B(U, H)) is very small. Instead
of the uniform Borel o-algebra we consider the strong Borel o-algebra B, (B(U, H)) on B(U, H) defined
as the smallest o-algebra which contains the sets of the form

{TeB(UH): Txe€ A, Ve €U}, AeB(H).

Definition 4.1.1. Let (2, F) be a measurable space and G C § a sub-o-algebra. A mapping L : Q — B(U, H)
is said to be strongly G-measurableif-f it is -measurable, when we endow B(U, H) with the strong Borel
o-algebra Bgy (B(U, H)). This means that L : Q — B(U, H) is strongly G-measurable if and only if for each
xeU, Lz : (Q,F) = (H,*B(H)) is G-measurable.

Generally, it holds that Bs,.(B(U, H)) C Byuni(B(U, H)). Moreover it can be shown that B(B(U, H)) C
Bsi-(B(U, H)). In particular By(U, H) is a strongly measurable subset of B(U, H). For more details see [KV].

Lemma 4.1.1. If L is a B(U, H)-valued strongly measurable mapping and & a U-valued measurable mapping
on a measurable space (Q,F), then LE : Q — H is an H-valued measurable mapping on (0, F).

Proof: Since H is a separable Hilbert space, by virtue of the Pettis measurability Theorem (3.2.1), L¢ is
measurable if and only if for each x € H, < z, L > is R-valued §-measurable. Let {e,, }22; be an orthonormal
basis for U. Then,

oo
<L&r>=<{ Lo >=) <&ep>< Lep,x>.
k=1

Since Ley, is (§,B(H))-measurable and ¢ is (§,B(U))-measurable we deduce that < &, e, >< Leg,z > is
(F,B(R))-measurable and so the everywhere convergent sum < L&, x > is §-measurable as well.

67
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4.1.2 The stochastic integral for elementary random processes.

In this section we consider that (U, <, >y) and (H,<, >p) are separable Hilbert spaces, T > 0 fixed and
(W(t))tejo,r) is a U-valued Q-Wiener process on the probability space (€2,§,P) with respect to the normal
filtration (%(t))tE[O,T] .

Definition 4.1.2. A B(U, H)-valued random process (®(t))icjo,r) is said to be elementary process if-f
there exists a partition 0 =tg <t1 < ... <ty =T, N € N such that

N-1

®(t) = Z (I)m]l(tm,tnﬁl](t)’ te[0,7] (4.1.1)

m=0
where
o &, :Q — B(U, H) is strongly §t, -measurable.

o &, takes only a finite number of values in B(U, H). That is,
km
Oy (w) =Y Tom (W) LT,
j=1

where L]* € B(U, H) and Q) = U?Z’lQ;” with the union being disjoint. The linear space of elementary
stochastic processes is denoted by E.

Definition 4.1.3. For each ® € £ having the representation in (4.1.1) we define

t N-1
I,(®) :::/O O dW =Y B (AW, (1), te[0,T],
n=0

where AW, (t) = W(t,qp1 At) — W(t, At) and t A s = min{t, s}.

Proposition 4.1.1. For each ® € €&, (fotfb dW )ieio,r) s a continuous square integrable H-valued §;-
martingale. In other words, (I;(®))icpo,r) € M7.(H).

Proof: Let ® € £ having the representation in (4.1.1). Define M (t) = fot O dW,te|0,T].

o (M(t))ieo,r) has continuous paths.

For a fixed w € ) the mapping [0,T] > t — ZT]:I:_OI D, (w) (AW, (t)(w)) is continuous. This is because
t — AW, (t)(w) is continuous and ®,,(w) is continuous for all n € N.

o (M(t))iepo,r is square integrable.
For each t € [0,T] we have

N-—-1
E(|M@®[P) = E(| Y @uawu )|l )
n=0
N-1
< NI E(loaaw.m) )
n=0
N-1
< N Y E (1120 o 1AW 1)
n=0
N-—-1 kn )
n 2
< N E (ZHLJ HB(U,H))HAWn(t)HU
n=0 7=0
<

kn N—-1
n (12
Nn:{}%,l(;) L5 s ) Z E(| AW, (1) [17) < oo.
Jj= n=
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o (M(t))cjo,r is an §-martingale.

— E(|M(t)|) < o0, for all t € [0,T] since each M (t) is square integrable.

— Foreachn=0,...,N—1, ®,(AW,(t)) is Ft-measurable H-valued random variable and thus ®(t)
is §r-measurable H-valued random variable as well. Indeed, first of all observe that AW,,(t) is
U-valued and §;-measurable. In particular for ¢ € (tx, tx4+1] we have

W(tn41) — W(tn), when t, <tg,
AWn(t) = W(t) - W(tk), when t, = tk.
0, when t,, > 5.

Therefore, for each t,, > ti, we have @, (AW, (t)) = 0 which is §;-measurable. In any other case
5t C F¢ and thus @, is strongly Fi-measurable. The conclusion now follows from Lemma (4.1.1).

— For each 0 < s <t it holds that [ ® dW =E(f; ® dW|F.).
Indeed, assume that 0 = tg < t1 < ... <t < s <t < ... <t <t <tpp1 < ... <ty =T1T.

Then,
+ N-1
/ AW =) B (AW,(1) =
0 n=0
-1 N-1
=D u(AWL(E) + DuW (s) = W(t) + ©u(W (tipa At) =W () + Y n(AW, (1) =
n=0 n=[+1
l N—-1
=3 B (AW,(5)) + (Wt At) = W(s)) + > u(AW,(E) =
n=0 n=Il+1
s N-1
= /0 O AW + Oy(W(tia At) = W(s)) + > On(AW,(L)).
n=Il+1
Therefore,

E (/Ot i) dW§S> =K (/ i dW|gs) + E (B (W (tigr At) — W(s))|Fs)

0

+1E< z_: q>n<AWn(t>)|gs> .

n=Il+1

Since fos ® dW is §,-measurable, we have E (fos  dW|F,) = fos ® dW.
For the second term we will make use of the following well-known result for real-valued martingales.

Lemma 4.1.2. Let X,Y be real valued martingales on (2, F,P) and G C § be a sub-o-algebra. If
X is G-measurable and Y, XY € L'((Q,§,P),R), then E(XY|G) = XE(Y|G).

Returning now to our proof, let {e,,}52; be an orthonormal basis for U. Then, for each = € H,
we have

<SE(@(W(tig1 At) = W(s)[Ss), 7) >=

=<E(® () < W(tiga At) = W(s), ex > e)[Fs), 2 >
k=1

]E(< W(tl—i-l /\t) — W(s),ek > e, x > “Ss)

< ®ep,x > E(< W(tl+1 /\t) — W(S),ek > |35)

M2 11

—

< Preg,x > E(K Wt At) — W (s),ex >) =0,

M1

=
Il
—_
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where in the fourth equality we used that < ®;ey, x > is real-valued §s-measurable and Lemma (4.1.2)
and in the last inequality that W (¢;11 At) — W (s) is independent of §s. Eventually we have shown
that E (@) (W (ti41 At) — W(s))|Fs) = 0.

The rest of the terms are of the form E (®,,(W (te1 At) — W(tm))|§s), where s < ¢, < t. For
all A € §s we have,

km
/A Dy (W (b1 A ) — W (t) AP = /A ;ﬂQ;nL;?”L(W(tmﬂm—W(tm» P

km
; LT/A (W (tms1 At) = W(ty)) dP.

m
ﬂQj

But 4 € §5 C §t,, and Q7" € §y,,, 50 ANQ € Fy,,,, forall j=1,..., k. Thus,

krn
ZLT/ (W (tmsr At) — W (tn,)) dP
=1 AnQm
kfm
=y r / E(W (tma1 At) — W (tn)|Fe, ) dP
= ANQT
an
=y Lr E((W (tygr At) — W (tm)) dP = 0.
=1 AnQm

So by the definition of conditional expectation we conclude that
E (@ (W (tms1 At) = W(tm))[Ss) = 0.

Remark 4.1.1. Since M (t) = fot & dW is a martingale we have

]E(/Ot & dW) = E(M(0)) = 0.

Definition 4.1.4. For ® € £ we define

2

@l = m o0 ], a0t =@ 1o at

By (U,H)

The following identity, called the It0 isometry, will be crucial when we extend the stochastic integral to a
larger class of integrands.

Proposition 4.1.2 (It6 isometry). If ® € &, then

/Och alWH2 —E(/OTHcI)(S)Ql/z’
H/O@dw
N-—-1

T
/ QAW =) B (AW,),
0

n=0

]E ’

B»>(U,H)

: ds> (4.1.2)

or equivalently,

=[]
M3 (H)

Proof: Let ® € £. First of all,

where AW,, = W (t,41) — W(t,). So

T | ) N-1 N—1
E(H/O <I>dWH ) :E(< nz:% @nAWn,n;)@mAWm»
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= nz(Nz_:l |\<I>nAWn||2> + 2E< > (@AW, tI>mAWm>)
n=0

m<n
=T, + 1.

We will show that 77 = ||®]|% and that Ty = 0. Let {fix}xen be an orthonormal basis of H and {ej}xen be
an orthonormal basis of U such that Qer = Ager. Then,

E(|100AW,2) =E( D (@nAW,, f)?) = ZE( (@, AW, £1)?)
l

= Y E(B((@0AWa, )2|F)) = Z]E( (AW, ®; )| 7).
l

But, 2
(AW, @ 1) = (S (AW, e4) (@, fi,e1))
k
= (Xk: (fi, Prer) <AW:,6k> )2 (Zakbk = kzjakajbkbj,
=ak =bj ,
Thus,

E((aWn, @ f02|7,) = E(Y avasbits| 7, )
k.j
= ZE(akajbkbj

k.j

= Z akaj]E(bkbj |]:tn) = Z akaj]E(bkbj) (4.1.4)
k.j

k,j

) (4.1.3)

= Y (f1. Puer) (i, Pre) ) E(AW,, k) (AW, €5))

k,j

= Y (i ®ner) (fi, Prej) At (Qer, €5) (4.1.5)

k,j

= > (f1,Pnex) (f1, Pnes) Atn A lex, €5)
k.j

o0

= Z Ji, rer) (fi, Prer) Aty Ap
k=1

= Aty Y (05f1,Q" %)
k=1

= Aty Y QY70 f1,ep)

k=1

2
= AthQl/z@;:fl H P— as

We used the Beppo Levy Theorem in 4.1.3, properties of conditional expectation in 4.1.4, and the assumption
on the increments of a Q-Wiener process in 4.1.6. Hence, using property (1) in Remark ?7?,

=2

hE

T, =

n

N-1
E (At QV28; f2) = B( S At QY20 13,0101
n=0

01

N— T
= E(ZA%II%QWHBQ(U,H)) :IE(/O 12()Q 2| 5o .1y ds).

n=

LI

Following the similar reasoning for the second term we conclude easily that T = 0.
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Corollary 4.1.1. If 1,5 € &, then

([ v, [ maw),) =2 [ @100 500 )

0
Remark 4.1.2. The functional | - || is only a seminorm on €. Indeed, if ® € £ and

T
95 = E( [ 19:)Q 3, 0 d5) = 0.
then ®(5)Q'/? = 0, Py := m x P-a.s.. Therefore, ® =0 on QY/?(U), m x P-a.s. Let
o = {<I> €&:®=0o0nQV2U), IP’T-a.s.}.

We re-define £ to be the quotient space € := £/&y. Then || - ||z is a norm on &.

4.2 Extension of the stochastic integral to more general processes

We have already seen that the map
Int: (&1 llr) = (M, ]| z)

is isometric. Since, the space (M%, ||| M. ) is Hilbert , Int extends uniquely to an isometric mapping to the

abstract completion £ of £, by the obvious way. In this section we will give a characterization of £ . Here it
is convenient to treat the processes as random variables from Qp := [0,T] x Q to B(U, H), where the product
space Qr is equipped with the product o-algebra B([0,7]) ® § and the product measure Py := m ® P. The
o-field just introduced does not take into acount the adaptivity of the considered process. To this aim we
introduce the following o-algebra

PT:J({(s,t]XF:O§s<t§T, FGSS}U{{O}XF:FQSO})‘

and introduce the notion of predictable process.

Definition 4.2.1. If H is a separable Hilbert space andY : (Qp,Pr) — (H,B(H)) is measurable, then'Y is
called H-predictable.

The next proposition shows that the class of predictable processes is rich.
Proposition 4.2.1. If H is a separable Hilbert space, then the following o-algebras coincide.
1. Py = o(adapted continuous processes)
2. Py = o(adapted left continuous processes with right hand limits)
3. P3 = o(adapted left continuous processes)
4- Pr
We are now in position to characterize the proper class of integrands.
Theorem 4.2.1. There is an explicit characterization of € given by
Niy = Niy (0,75 H)
- {cp [0,T] % Q — LY : @ is LO-predictable and |®|r < oo}
= L*([0,T] x Q,Pp,m x P;LY).
In fact
1. If a mapping ® from Qr in to B(U,H) is B(U, H)-predictable, then ® is also L9-predictable. In
particular elementary processes are L-predictable.

2. If ® is an LY- predictable process with || ® || < oo then there exists a sequence ®,, C € withlim, s | Pn — @ || =
0.

In the last case we define Int(®) = lim, o0 P, where the limit is in (MZA(H), || HM%(H)). It is direct that

this limit exists and is independent of the choice of the approximating sequence. Both Ité’s Isometry and
Corollary 4.1.1 still hold for ® € N3,
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4.3 Stochastic integral for cylindrical Wiener processes

In order to extend the construction of stochastic integrals to the case where the covariance operator @ is
only bounded but not necessarily of finite trace, one needs to extend the notion of a Q- Wiener process. We
would like to consider a Wiener process {W (¢)};>0 with covariance operator @) such that Tr(Q) = oo, for
example, Q = I.If Tr(Q) = oo, then the sum

)= VBr(tex
k=1

does not even converge in L2(£2,U), since

i VLB (t)ex

]E (
k=1

The above sum does converge in a suitable bigger space H where it defines an H-valued nuclear Wiener
process. Neverthless the formal sum (3.5.1) is called the cylindrical Wiener process.
We begin with the remark that when Tr(Q) < oo the inclusion

> =t Tr(Q) = co.

J:(Uo, {-,)0) = (U, {-,7)), withzx— Jr=ux,

is Hilbert-Schmidt. Indeed, if {e} is an ortonormal basis for Uy, then f, = Q1/2¢,, k € Nis an orthonormal
basis for Ker(Q)*, thus

171, o0y = Z<J€k7 Jer)v = Z<€ka€k>U

k k

— Z<Q1/2Q_1/26k7Ql/QQ_1/2€k>U
k

=> Q2 f, Q"2 fr)u = Tr(Q) < 0,
k

Therefore, if T7(Q) = oo, then we need to consider another Hilbert space 0, |- ]) such that there is an
embedding J : Uy — U which is Hilbert-Schmidt. This can always be done (see [KV])

Proposition 4.3.1 (Cylindrical Wiener process).  Let (2, F,P) be a probability space and let Q € B(U),
Q > 0. If {ex}ren is an orthonormal basis for the Cameron Martin space Uy = Q'/*(U) and {By}ren is a
family of independent real-valued Brownian motions and (U7 R |]) is_a separable Hilbert space such that

there is an embedding J : Uy — U is Hilbert-Schmidt, then Q : U — U defined by Q = JJ* is bounded,
Q >0, Tr(Q) < oo, and the series

W(t) = iﬂk(t)Jek, te0,T], (4.3.1)
e

converges in M%(U) and defines a Q-Wiener process on U. Moreover,

0= Q"*(U) = J(Us)

and, for all u € Uy, ~
lullo = 1Q™Y2Ju] := | Julo.

That is, J : Uy — Uy is an isometric isomorphism.

_ Proof: First of all we wiil prove th properties of Q. Obviously Q € B (U) and Q is selfadjoint since
Q* = (JJ*)* = JJ* = Q. Moreover, for each u € U we have

[Qu,ulg = [T u, ulg = ||.T*ullf;, = 0.

Furthermore, if (¢)g is an orthonormal basis for U then ,

=3 1Rk dkly = 1 T Iy 000y = 1 | B,y < 20
k=1
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Next, we wil show first that {W(t)}te[O,T] is a Q-Wiener process on U. For j € N set &i(t) = Bj(t)Jey,
t € [0,7] and define

(G ({8(s HOSSSt})), t€0,T).

Then for each fixed j € N the process {&;(t)}:e[o,r] is @ continuous U-valued square integrable martingale
with respect to {G;}i>0. For the martingale property we will use the following Lemma from real valued
martingales.

Lemma 4.3.1. Let X € LY(Q,F,P;R) be a random variable and G1,Gs C § be o-algebras. If Gy is indepen-
dent of o(0(X)UGa), then

E(X|0(61UG) = E(X|G).

Indeed, take 0 < s <t < T and then

E(8(1)

6.) = E(8(0)|o({8)(w)}uss) = 8i()

This follows from Lemma 4.3.1 with X = 3;(t), Go = 0({5;(u) }u<s), and G; = U(Uk;ﬁj{ﬁk<u)}ugs). The
independency of o(g(X) U G2) and G, follows by the independency of (8x)5,. Therefore

) ZZﬂj(t)Jej, t e [O,T]

is also in M2(U). We will now show that ((W,(t));)3%, is Cauchy in MZ(U). Indeed for m > n,

n=1

A AP

= E([Wn(T) - Wa(D)?) =E(]] i 5J‘<T)Jejﬂ2)
j=n+1
=T i I]Jejl]2_>0a n — oo.
j=n+1

since .J : Uy — U is a Hilbert-Schmidt operator, Therefore, W,, converges in M2 (U) and its limit W € M2.(U)
is a continuous process. It follows easily that W (0) = 0 and that the increments are independent. It remains
to show that for 0 < s < ¢, W(t) — W(s) N(0,(t — s)Q). For all uw € U,

W(t) - => (5 s))[Jej, ul.

Jj=1

In addition,

E Z{BJ i ()} Jej ul | =

j=n+1
= Y E(Bi(t) = Bi(s)*[ej,ul?) < [ul(t—s) Y el
j=n+1 j=n+1

which converges to zero as n,m — oo since J is Hilbert-Schmidt. Thus [W () — W (s),u] is Gaussian being
an L?(Q,F,P;R) limit of Gaussian random variables. To compute the mean we have

E([W () = W(s),ul) = > E(B (s))[Jen,u] =< 0,u > .

n=1
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Thus m = 0. To compute the covariance operator of the increments, take u,v € U , and

(oo}

E([W(t) —W(s),u] - [W(t)—W(s Z (t — s)[Jek,u][Jeg, v]
k

=1

M

(t — s){ex, J u)o{ex, J v)o = (t — s)(J u, J*u)og = (t — s)[JJ u,v],

~
Il

1

where we used that E(8;(t) — 8;(s))(Bk(t) — Bk(s)) = djx. Thus, Q = JJ*. For the remain of the proof we
use a result from operator theory. For details see [KV].

Now we are ready to define the stochastic integral with respect to a cylindrical Wiener process. Since
Tr(Q) < oo, we can integrate processes {®(t)}tejo,r) which are in L2(([0,T] x Q, Pr,m @ P); By(Uo, H)).
But we are aiming at integrating processes with values in Bq(Uy, H). Since J : Uy — U is isometrically
isomorphsmi we have that if {ej }ren is an orthonormal basis for Uy, then {Jeg }ren is an orthonormal basis
for Up. This leads us to the very important remark that,

e By(Up, H) = ®J e By(Uy H).

Indeed,

115, 0.y = D _(Pew, Pex) =Y (DT ey, DT Jey)
k=1 k=1

= 12T 1%,

Note that an By(Uy, H)-valued process is {®(t) }scj0,1) is B2(Uo, H)-predictable if and only if {®(¢)J ! }iepo,11
is Ly(Uy, H)-predictable.
Definition 4.3.1 (Integral with respect to a cylindrical Wiener process). Let {W () }ep0,m) be a cylindrical

Wiener process. For processes {®(t)}iepo,r) € Nij, == L*(([0,T] x Q,Pp,m ® P); By(Up, H)) we define the
stochastic integral by

/(I)(s)dW(s) ::/ B(s)J AW (s), te0,T],
0 0

Remark 4.3.1. The cylindrical Wiener process {VNV(t)}te[O’T] constructed in Proposition 4.3.1 depends on J
but f(f & AW does not.
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Chapter 5

The deterministic abstract Cauchy
problem

In this chapter we will study how the variation of constants formula

u(t) = e'ta + /t =941 (s) ds

0

which is the solution to the inhomogeneous problem

{ W () = Au(t) + £(2),
u(0) = z € X,

where X is Banach and A € B(X) can be generalised to give a solution formula for the more general case where
A is a generator of a strongly continuous semigroup. The notion of a classical solution to the inhomogeneous
abstract Cauchy problem (see section (5.3)) leads us to the so-called problem of maximal regularity(e.g see
[PZ]). In order to overcome this we introduce two alternative notions of solutions in terms of the integrated
equation, the so-called strong and weak solutions. The main result of this chapter is Theorem (5.3.1) which
is due to Ball [BAL].

5.1 Overview of Weak and Weak* topologies

In this section we overview the very basics of weak and weak™ topologies. For more details see [BR] chapter
I11.

Definition 5.1.1. Let X # () be a non empty set, ¥ = {(Y,,S.) : a € J}, a collection of topological spaces
indexed by J and § = {fo : X = Y, : a € J} a family of maps. The weakest topology with respect to which
the functions f € § are continuous is called the o(X,§) topology on X,.

Remark 5.1.1. Note that the existence of the o(X,§) topology is clear by the fact that the intersection of
a family of topologies on X is also a topology. Moreover,

o(X,¥) = m{’T: T topology on X and T D Uses{f, *(V): V € S.}}.

Theorem 5.1.1. Let X # () be a non empty set, X = {(Y,,S.) : a € J}, a collection of topological spaces
indexed by J and § = {fa : X = Y, : a € J} a family of maps. If for each a € J, the topological space
(Yo, Sa) is Hausdorff and if § separates the points of X, then o(X,F) is Hausdorff.

Proof: Let z,y € X with 2 # y. Then, there exists a € J such that f,(x) # f.(y) and since (Y, S,) is
Hausdorff, there exist U,V € S, such that f,(z) € U, f.(y) € V and UNV = . But then f; 1 (U), f;71(V) €
o(X,¥) with f7HU)N 72 (V) =0and z € £,1(U), y € f,1(V). Therefore, 0(X,§) is Hausdorff.

Definition 5.1.2. Let (X,T) be a topological space. A class of open sets B C T is called base for the
topology T if-f each element of T can be written as union of elements of B.

79
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Proposition 5.1.1. Let (X, T) be a topological space and B C T a collection of open sets. Then the following
statements are equivalent

1. B is a base for T.

2. For each®) # U €T and x € U, there exists B € B such that v € B C U.

Proof:

(1) > (2) Let 0 £U € T and ¢ € U. Then, U = U;e1 B;, where I is an index set and {B; };e; C B. So, there
exists ¢ € I, such that x € B; C U

(2) = (3) If U € T and = € U, then by assumption there exists V,, € B, such that {z} C V,, C U. Therefore,
U = UIGUVI'

Proposition 5.1.2. Let (X,T) be a topological space and B C T a base for T. Then,
T={GCX:VexeG,3IBeB:x€BCG}
Proof: Use similar arguments as in the proof of Proposition (5.1.1)

Definition 5.1.3. Let (X, T) be a topological space. A collection of open sets S C T is said to be a sub-base
for T if-f the collection of intersections of finite families of members of S is a base for T.

Proposition 5.1.3. Let X # () be a non empty set and S a collection of subsets of X which covers X. This
is, for each x € X, there exists A € S such that x € A. Denote by B the collection of intersections of finite
families of elements of S. Then,

T = {UierBi : {Biher C BYU{0}

is a topology on X and is the weakest topology on X which contains the family S. Moreover, S is a sub-base
for T and B is a base for T.

Proof: It is obvious that ), X € 7 and that 7 is closed under arbitrary unions. It remains to show, that
if AABe€T,then ANB € T. If A or B is empty then the result is trivial. Suppose that A, B # (). Then,
A =U,A, and B = UgBg, where {Ay}q,{Bsg}s C B. Therefore,

ANB = Uy p(Aa N Bg).

But since each A, and Bpg is a finite intersection of elements of S, the same is true for all A, N Bg. This
means that A, N Bg € B. Therefore, AN B € T. So we have shown that 7 is a topology on X. Let 7' be a
topology on X such that S C 7'. Then, B C 7' and finally T C 7.

Corollary 5.1.1. Let X # () be a non empty set, X = {(Ya,Sa) : a € J}, a collection of topological spaces
indexed by J and § = {fa: X = Y, : a € J} a family of maps. Then

S={f*V):acJVeS,)

is a sub-base for the o(X,F) topology.

Definition 5.1.4. Let (X, || || ) be a normed space. The Ty, := o(X, X™*) topology on X is called the weak
topology on X.

Proposition 5.1.4. Let (X,| ||y) be a normed space. A non empty set G # 0 is weakly open if and only
if for each a € G, there exist n € N, a7, 25, ..., 2% € X* and € > 0 such that

N(a,z3,...,2p,e) = {z € X : |zj(z) —zj(a)] <e,j=1,...,n} CG.

Proof: As we have already discussed in Corollary (5.1.1), S = {(2*)"Y(U) : 2* € X*, U C Copen} is a
sub-base for 7T,,. In other words

B:={nt,Si: keN, {Si}t, C 5}
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is a base for Ty,. Therefore by Proposition (5.1.3) a ) # G C X is weakly open if and only if for each a € G,
there exists B such that a € B C G, where B has the form

B = (z1)” (U1) N (23) " (U2) N...0 (23) " (Un),

for some n € N, z3,25,...,25 € X* and Uy,...,U, open subsets in C. But for a fixed j € {1,...,n},
a € (¢3)71(U;) © w3(a) € U; and since U; is open there exists £; > 0 such that B(z}(a),e;) C Uj. So we
can easily derive that G is weakly open if and only if for each a € G, there exists B such that a € B C G,
where B has the form

B = (z7)7'(B(zi(a),e1)) N...N (a) " (B(x}(a), ),

for some n € N, z7,25,...,25 € X* and ¢1,...,e, > 0. By taking € = min{e;}? ,, we conclude that G is
weakly open if and only if for each a € G, there exists B such that a € B C G, where B has the form

B = (z})" (B(zi(a),e)) N...N (x5,) " (B(ay(a),e)) = {z € X : |zj(x) —j(a)| <&, j=1,...,n},
for some n € N, z7,25,..., 27 € X* and € > 0.

Remark 5.1.2. Each N(a,z7,... 2%, ) is weakly open and contains a. Therefore, an equivalent definition

of a weakly open set G # () is: G is weakly open if and only if it can be written as a union of elements which
have the form N(a,z%,..., 2% ¢),a € G, neN, zi a%,..., 25 € X* and e > 0.

? n?’

Definition 5.1.5. Let (X, T) be a topological space and v € X. A collection N, of neighborhoods of x is
said to be a meighborhood base at x if-f for all G € T such that x € G, there erists N € N, such that
xe N and N CG.

Corollary 5.1.2. Let (X, || ||) be a normed space and a € X. The family Ny = {N(a,z3,...,25,¢): n €
N,e > 0,a%,25,...,25 € X*} is an open neighborhood base at a for the weak topology on X .

Proposition 5.1.5. Let (X,|| || ) be a normed space. Then (X, Ty) is Hausdorff.

Proof: The space (C, 7)) is Hausdorff, as a metric space and by the Hahn-Banach theorem X* separates
the points of X. Therefore the result follows by Theorem (5.1.1).

Definition 5.1.6. Let (X, || ||x) be a normed space. The weak* topology on X* is the o(X*, X) topology,
where

X ={i:X*">C, #@*)=z"(z): z € X}.
Proposition 5.1.6. The topological space (X*, Typ+) is Hausdorff.

Proof: The space (C, 7)) is Hausdorff, as a metric space and X separated the points of X*. Indeed if

x*,y* € X* with * # y*, then there exists © € X such that 2*(x) # y*(x) & Z(z* # &(y*)). Therefore the
result follows by Theorem (5.1.1).

Remark 5.1.3. It is well known that X C X**. Therefore, the weak™ topology on X* is weaker than
the weak topology on X*, i.e the o(X™*, X**) topology. Of course, if X is reflexive, then the two topologies
coincide. In fact, the inverse statement is also true, i.e X is reflexive if and only if the weak topology and
the weak® topology on X* coincide.

Proposition 5.1.7. Let (X, | || ) be a normed space. A non empty subset G C X* is weakly* open if and
only if for each l € G, there exist n € N, x1,...,z, € X and € > 0 such that

Nz, 20, . xp,e) = {2 € X*: |2"(z;) — l(zy)| <e,i=1,...,n} CG.
Proof: Use similar arguments as in the proof of Proposition (5.1.4).

Corollary 5.1.3. Let (X, || ||) be a normed space and | € X*. The family Ny = {N(l,z1,...,2p,€) : n €
N,e > 0,21, 22,...,2, € X} is an open neighborhood base at 1 for the weak™ topology on X*.
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5.2 Duality of densely defined linear operators
Definition 5.2.1. Let X,Y be two Banach spaces and A : X D D(A) =Y a densely defined linear operator.
The adjoint of A is the operator A* : Y* D D(A*) — X*, where
DA") ={y*eY": " e X" : <z >=<y*, Az >, Vo € D(A).} and A™y" = ™.
Remark 5.2.1. Note that in the definition of D(A), the element z* is unique, since D(A) is dense in X,

therefore A* is well defined. Moreover it is easy to check that D(A*) is a linear subspace of Y* and A* is a
linear operator.

Lemma 5.2.1. Let X be a Banach space and consider a nonempty subset ) #V C X. Then, the annihi-
lator
Vi={2"eX i<z u>=0 WweV}
is weakly™* closed in X*.
Proof: Let y* € X*\V~+. Then, there exists v € V such that < y*,v ># 0. Observe now, that the set

. | <y u>|
— IR e
U=N(y" v 5

is weakly™ open, contains y* and is contained in X*\V*, since U N V+ = ). Therefore X*\V* is weakly*
open.

)= 2t e X7 (o) - ot )] < LS,

Proposition 5.2.1. Let X be a Banach space. Then, a linear subspace F' C X* is weakly* dense if and only
if it separates the points of X.

Proposition 5.2.2. Let X, Y be two Banach space and A : X D D(A) = Y a densely defined linear operator.
Then, the following assertions are valid

(1) The adjoint A* : Y* D D(A*) — X* is weakly* closed, i.e the graph Ga- of A* is weakly* closed in
Y* x X*.

(ii) If in addition A is closed, then A* is densely defined, i.e D(A*) is weakly* dense in Y*.

Proof: First of all, let us note that Y* x X* coincides with (Y x X)* via the mapping Y* x X* >
(y*,2*) = (y@z)* € (Y x X)*, where

< (y®@x), (y,z) >=< (y*,z"), (y,z)) >=<y"y>+<z",x>, foralze X, yeY.
(i) We have the following equivalences
(y*,2") € Ga» &<y, Az >=<z",2 >, Ve € D(A) &< (y*,z"),(—Az,x) >= 0, Yo € D(A).

Therefore, G 4+ = (p(Ga))t, where p: X xY — Y x X with p(z,y) = (—y,z). Thus, by Lemma (5.2.1)
we conclude that G 4« is weakly* closed.

(ii) It is enough to show that D(A*) separates the points of Y. To this aim consider y;,y2 € Y with
y1 # ya. Then, (Ox,y1 — y2) € X x Y\{Oxxvy}, therefore (0,y; — y2) 3 G4. But since G4 is closed
in X x Y, by virtue of the Hahn-Banach Theorem we can choose a (z*,3*) € X* x Y*, such that
(x*,y*) € (Ga)* and < (2*,y%), (0,91 — y2) ># 0 & y*(y1) # y*(y2). So, it remains to show that
y* € D(A*). This follows by the fact that for each x € D(A) we have (z, Axr) € G4. Therefore,
< (z*,y*), (x,Az) >=0 & < —z*, 2 >=< y*, Az >. This means that y* € D(A*) and A*y* = —z*.

Proposition 5.2.3. Let X,Y be two Banach spaces and A: X D D(A) =Y be a closed linear and densely
defined operator. If for some x € X, y € Y it holds that

<y y>=< A%y*, x>, foreach y*e€ D(A"),
then z € D(A) and Az =y.

Proof: We want to show that (z,y) € G4. Since G4 is closed in X x Y, it is enough to show that
< (x*,9%), (x,y) >= 0, for each (z*,y*) € (Ga)*. To this aim, fix a (z*,y*) € (Ga)*. With the same
arguments as in the proof of Proposition (5.2.2) we obtain that y* € D(A*) and A*y* = —a*. Combining
this result with the assumption we get

< (@ y"), (zy) > =< A"y x>+ <y ,y>=0.
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5.3 Weak solutions and the variation of constants formula

Let X be a Banach space and A : X D D(A) — X the infinitesimal generator of a Cy-semigroup {7 : t > 0}
on X. In this section, we consider the Inhomogeneous Abstract Cauchy Problem (IACP)

{ w'(t) = Au(t) + f(t), t€[0,T];
u(0) = =z, .

where x € X, T >0 and f € L'([0,7T], X).

Definition 5.3.1. A function u: [0,T] — X is called a classical solution of the (IACP) if-f it satisfies
the following conditions

o u is continuous on [0, T

e u is continuously differentiable on (0,T]

e u(t) € D(A), for each t € (0,T)

e u(0) =z and v (t) = Au(t) + f(¢t), for all t € (0,T].

Proposition 5.3.1. If f =0 and x € D(A), then the homogeneous abstract Cauchy Problem

{ u'(t) = Au(t), tel0,T];
u(0) =z .

admits a unique classical solution which is given by u(t) = Tyx, t € [0,T].

Proof: The existence is a direct consequence of Theorem (1.4.1(1)) and Corollary (1.4.1(i)). For the
uniqueness, use exactly the same reasoning as in the proof of Proposition (1.4.2).

Definition 5.3.2. A function u : [0,T] — X is called a strong solution of the (IACP) if-f it satisfies
the following conditions

o ue L'([0,T], X).
e for each t € [0,T], (f(f u(s) ds) € D(A).
e for each t € [0,T], u(t) = x—i—AfOt u(s) ds + fot f(s) ds.

Definition 5.3.3. A function u : [0,T] — X is called a weak solution of the (IACP) if-f it satisfies the
following conditions

e uc LY([0,T],X).

e for each t € [0,T] and for all z* € D(A*) we have

¢ ¢
<z u(t) >=< x*,x>+/ < A*x*,u(s) > ds + / <a*, f(s) > ds.
0 0

Remark 5.3.1. We can trivially check that every strong solution of the (IACP) is also a weak solution.
Proposition 5.3.2. Fach weak solution of the (IACP) is a strong solution

Proof: Observe that for all ¢ € [0,7] and z* € D(A*) we have

<x*,u(t)—m—/tf(s) ds >=<A*x*,/tu(s) ds > .
0 0

The result now follows by Proposition (5.2.3).
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Theorem 5.3.1. For each x € X and f € L'([0,T], X) the (IACP) admits a unique strong solution which
1s given by the variation of constants formula

u(t) = Tyx +/0 Ti—sf(s) ds. (5.3.1)

If f e LP(0,T;X), for 1 <p < oo, then u € LP(0,T; X).

Proof: First of all, note that due to the properties of convolutions of functions and the fact that ¢ — T; is
continuous (thus integrable) and f € L', we can easily conclude that u is well defined and in L' and moreover
if f € LP, then u € LP. By virtue of Proposition (5.3.2), in order to prove that the function u which is given
by the variation formula (5.3.1) is a strong solution of the (IACP), it is enough to show that u is a weak
solution. For each z* € D(A*), the function [0,T] > t —< z*, T,z > is differentiable for each x € X with

d
£<x ST >=< A*z*, Tyx >, for all ¢t € [0,T].

Indeed, if © € D(A) the above formula follows by Theorem (1.4.1). For an arbitrary € X, we can use
Proposition (A.7.1) since D(A) is dense in X and supycpo [/ 73 || < oo because of the strong continuity of
the semigroup. After these observations, for each ¢ € [0,7] and z* € D(A*) we have

t t s t
/ < A*z* u(s) > ds = / < A*x*,/ Te_rf(r)dr> ds + / < A*z*Tsx > ds
0 0 0 0

t s t
= / / < A*x* T f(r) > drds + / < A*z*,Tyx > ds
o Jo 0

t ot ¢
// < A'x* Ts . f(r) > dsdr + / < A'z*,Tyx > ds
0 r 0
td td
— //—<z*,TS_Tf(T)> ds dr + — < 2", Tyx > ds
0 r dS 0 dS

t
/(<w*,Tt,rf(r)>—<a:*,f(r) >)dr + <z¥Tix>— <z o>
0
t
= <x*,u(t)>f<x*,;1:>f/ <x*, f(r) > dr
0

In order to show the uniqueness, suppose that @ is another strong solution of the (IACP) and set w = u — @.
Then, it is direct that w is integrable fo ) ds € D(A) and

A/ ) ds, forallt e [0,T]

t—// ) dr ds.

By using Theorem (A.3.2) and Proposition (A.4.2) we obtain that z(t) € D(A) and

J(t) = / ds_/ / r) dr ds = Az(t)

for all ¢ € [0,T]. But this means that z = 0. Indeed, for a fixed t € [0, T, consider the differentiable function
g:10,t] = X, g(s) = Ti—_sz(s) with derivative

Now set

g'(s) = —AT,_sz(s) + T;—s2'(s) = 0.

So g is constant, therefore
z(t) = g(t) = 9(0) = T;2(0) = 0.

Since z = 0 we deduce that u = @ almost everywhere and the proof is complete.



Chapter 6

The stochastic abstract Cauchy
problem with additive noise

Let {W(t)}¢cjo,r) be an U-valued Q-Wiener process on the probability space (€2, F, P), adapted to a normal
filtration {F;}sep0,77- We consider equations written formally as

AX(t) = (AX(t) + f(t)) dt + BAW(t), 0<t<T,
(6.0.1)
X(0) =¢,

where we make the following assumptions.

(Al) A:D(A) C H — H is linear operator, generating a strongly continuous semigroup (Cp-semigroup) of
bounded linear operators {S(¢)}+>o0.

(A2) B € B(U, H);

(A3) {f(t)}tecjo,r) a predictable H-valued process with Bochner integrable trajectories, that is, ¢t — f(w,?)
is Bochner integrable on [0, 7] for P-almost all w € Q;

(A4) ¢ is an Fp-measurable H-valued random variable.
Under assumption (A1) the deterministic evolution problem (abstract Cauchy problem)
u'(t) = Au(t) + f(t), t>0,
u(0) =z,

is well-posed (under some weak assumptions on f) and its unique (mild) solution is given by the variation of
constants formula

u(t) = S(t)x +/0 S(t—s)f(s)ds.

Remark 6.0.2. Since H is, in particular, a reflexive Banach space it follows that {S(t)*}i>¢ is also a Co-
semiagroup on H with generator given by A*, the adjoint of A. In non-reflexive Banach spaces this is not true
i general.

Next we discuss what we mean by the solution of the formal equation (6.0.1). In this section we always
assume (Al)—(A4).

Definition 6.0.4 (Strong solution). An H-valued process {X(t)}icjo,r) is a strong solution of (6.0.1) if

{X (1) }epo,1) is H-predictable, X (t,w) € D(A) Pr-almost surely, fOT |AX (t)|| dt < oo P-almost surely, and,
for allt € 10,7,

X(t):§+/0 (AX(s)+ f(s)) d8+/0 BdW(s), P-a.s.

Recall that the integral fg BdW (s) is defined if and only if H B?
For n € H, we define

|1y =Tr(BQB*) < oc.
ly: H =R, 1y(h):=(h,n), heH. (6.0.2)

85
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Definition 6.0.5 (Weak solution). An H-valued process {X(t)}icjo,r) i a weak solution of (6.0.1) if
{X(t)}iepo,m is H-predictable, {X (t)}icp0,r) has Bochner integrable trajectories P-almost surely and

(X(t),m) = (&m) +/O ((X(s), A™n) + (f(5),m)) ds
+ /t l,BdW(s), P-a.s., Yne D(A), te[0,T].
0

Note that the stochastic integral may be written formally as

/Ot l,BdW (s) = /Ot<B dW (s),n).

We will show that the unique weak solution of (6.0.1) is given by the variation of constants formula

X(1) = S(t)E + /0 S(t— 5)f(s)ds + /0 S(t— ) BAW(s).

We will need the following lemma about interchanging the stochastic integral with closed operators.

Lemma 6.0.1. Let E be a separable Hilbert space. Let ® € N3, A: D(A) C H — E be a closed, linear
operator with D(A) being a Borel subset of H. If ®(t)u € D(A) P-almost surely for allt € [0,T] and uw € U
and A® € N2, then

P(/T B(s)dW(s) € D(A)) =1

0
and

A( /0 T(I)(s)dW(s)) - / TA(I)(s)dW(s), P-as. (6.0.3)

0

Note that if A € L(H, E), then (6.0.3) holds for all ® € N3,. We define the stochastic convolution

Wa(t) = /Ot S(t — $)BAW(s)

and the operator
t
Qq :/ S(s)BQB*S(s)* ds,
0

where the integral is a strong Bochner integral. The following theorem provides the basic properties of the
stochastic convolution.

Theorem 6.0.2. If for some T > 0,

T T
/ |S®#)B||30ds = / Tr(S(t)BQB*S(t)*)dt = Tr(Qr) < oo,
0 2 0
then

1. Wy € C([O, T), L2(Q, 5, P; H)) and W4 has an H-predictable version;

2. {Wa(t)}+ejo,m) s a Gaussian process and
t

Cov(Wa(t)) = / S(s)BQB*S(s)*ds = Q.

0

Proof: Let 0 < s <t <T and define

O(r)=S(t—r)B, M(s)= /OS@dW = /08 S(t —r)BdW (r).
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Then
t t t
B[ ol ar = [ IS¢ —r)BEydr= [ IS0)BIE ar
T
< [ 150)BIEyar < oc.
0

Thus, M;(s) is well defined, in particular, for s = ¢ it follows that M;(t) = Wa(¢) is well defined. To show
mean square continuity, let 0 < s <t <T. Then

t s
Wa(t) — Wa(s) = / S(t— ) BAW(r) — / S(s — r)BAW(r)
0 0
- / (S(t—1) — S(s — 1)) BAW(r) (6.0.4)
0
t
+/ 1(5)15]5‘(15 - ’I’)B dW(T) =X+Y.
0
The random variables X and Y are independent with zero mean and therefore, using also It6’s isometry,

B(Wa) - Wa)P) =E(| [ (5t~ - D5t - npawe)|)
)

- / I(S(t = 8) = DS BQY2 |3, g 4r) dr

+ E(H /Ot 1o S(t =) B AW (r)

t—s
+/ IS(r)BQY 3, 1,y dr =0 as s — t.
0
The second integral converges 0 by the Dominated Convergence Theorem. For the first one, we have

LoaMISE = 8) = DSEOBQV b, < 2 max [S)ll5unlIS0)BQY2 B, w,m
and therefore we may use again dominated convergence together with the fact that S(t —s) — I — 0 strongly
ast—s— 0.

For the existence of a predictable version of {Wa(t)}ico,r) note that if {X(t)}icp0,r) is mean square
continuous, then it is uniformly stochastically continuous! on [0, T']. This follows from the observation that the
mean square continuity of { X ()};c0,7) means that X (-) is continuous as a function [0, '] — Lo(2, F, P; H).
Since [0, 77 is compact {X () }e[0,7 is uniformly mean square continuous on [0, 7]. We have that

P(IX(t) = X(s)|* > %) < éE(I\X(t) - X))

and hence { X () };c[o, 7] is uniformly stochastically continuous on [0, 7. By [?, Proposition 3.6], { X (t) }+c[0,7]
has a predictable version since it is clearly adapted and stochastically continuous.

For t fixed, the random variable W4 () is Gaussian. This follows from the construction of the inte-
gral and the fact that for elementary deterministic processes the stochastic integral is a Gaussian ran-

dom variable. An easy calculation shows, similar to the one in (6.0.4), that for all uq,us,...,u, € U,
(Waltr),u1),...,{(Wa(tn),un)) is an R"-valued Gaussian random variable using also Lemma 1.4.1 for
A =1,,, i =1,...,n. Finally, the covariance operator Q; of Wy (t) can be computed in a straightforward

fashion using Lemma 1.4.1, Corollary 4.1.1 and Parseval’s formula.
Before proving the existence and uniqueness of weak solutions of (6.0.1) we need a few preparatory results
which we state with only a reference to the proofs. Consider the following assumptions.

1. Let (©2,3,P) be a probability space and {F:}:>0 a filtration. Let ® € N2 [0,7], ¢ be an H-valued
predictable process, Bochner integrable on [0, 7] P-almost surely, and X (0) be an Fo-measurable H-
valued random variable.

LA process {X(t)}+cjo,7] is uniformly stochastically continuous on [0,T] if Ve > 0, V6 > 0, 3y > 0, such that P(||X(t) —
X)) >e) <4, [t—s| <, t,s €][0,T].
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2. Let F': [0,T] x H — R and assume that the Fréchet derivatives Fy(t,z), Fy(t,x), and Fy,(t,x) are
uniformly continuous as functions of (¢,2) on bounded subsets of [0,7] x H. Note that, for fixed ¢,
F,(t,x) € L(H,R) and we consider F,,(t,x) as an element of B(H).

Theorem 6.0.3 (It6’s formula). Under assumptions (1) and (2) above, let

+ [Loas+ [ wawi. e

Then, P-almost surely and for all t € [0,T],
¢
F(t,X(t)) = F(0,X(0)) +/ Fo.(s, X(5))®(s)dW (s)
0

# [ (Rl X6 + Rl XOD(606)
+ 3T ((Fra(s, X (5)(@(5)Q2)(@()Q1/?)") ) ds
The next result is the stochastic version of Fubini’s Theorem. Consider the following.
(3) Let (E,E) be a measurable space and
®: (Qr x E,Pr x &) = (LY, B(LY))
be a measurable mapping.
(4) Let p be a finite positive measure on (E, ).
(5) Assume that [, (-, -, z)|lr du(x) < co.
Note, that, in particular, for fixed z € E, the process ®(-,-, x) is L3-predictable and ®(-,-,z) € N3 [0, T).

Theorem 6.0.4 (Stochastic Fubini’s Theorem). Assuming (3)—(5) above, we have P-almost surely,

// (t,z) AW (t) du(z // (t,z) dp(z) AW (2). (6.0.5)

Note that the inner integral on the right hand side of (6.0.5) is an L9-valued Bochner integral. Now we
can the prove existence of weak solutions of (6.0.1). Let

£+/St—s s)ds + Wa(t) = Y(t) + Wa(t). (6.0.6)

Theorem 6.0.5 (Existence of weak solutions). Assume (A1)-(A4) and

T
/ HS(T)B”%O dr < oo.
0 2

Then {X (t)}repo,r) defined in (6.0.6) has a version which is a weak solution of (6.0.1).

Proof: The process {X(t)}:e[0,r) has Bochner integrable trajectories and an H-predictable version by
Theorem 6.0.2. Since {Y(¢) };¢[0,7 is the (unique) weak solution of

Y/(t) = AY (t) + f(t), t>0,
Y(0) =¢,

it follows that {X(¢)} is a weak solution of (6.0.3) if and only if W4 (¢) = X (¢t) — Y (¢) is a weak solution of

AX(t) = AX(t)dt + BAW(t), 0<t<T,

X(0) =0, (6.0.7)
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Therefore, without loss of generality, we may set £ = 0, f = 0 and show that W4 (¢) is a weak solution of
(6.0.7). If t € [0,7T] and n € D(A*), then

/;(A*n, Wa(s))ds = /Ot <A*7 /Ot 1io,s)(1)S(s —7)B dW(T)> ds.

Following (6.0.2), we set [4-y(u) := (A*n,u). Then, by Lemma 1.4.1 and Theorem 6.0.4,
¢ ¢ ¢
/ (A*n, Wa(t)) ds = / zA*n(/ 1j0.(r)S(s —)B dW(r)) ds
0 0 0
t ot
— [ ] toa®laesSGs = DB () ds
o Jo
t ot
= / / Lio,s)(r)la=nS(s — r)BdsdW (r)
o Jo
t ot
= / / la=nS(s —r)BdsdW(r).
0 Jr

For all u € U,
la=nS(s —r)Bu = (A™n,S(s —r)Bu) = (S(s —r)"A™n, Bu),

and hence, using that n € D(A*),
t t
/ lanS(s —r)Buds = / (S(s —r)"A*n, Bu) ds

= / (A*S(s —r)*n, Bu) ds

b d
:/r &<S(s—r) 7, Bu) ds

=(n,S(s — r)Bu) — (n, Bu).

Finally, by Lemma 1.4.1,

//1[0,5](T)ZA*775(5—’I")BdeW(T):/ 1,S(t —r)BdW(s)
o Jo 0
—/ L,BdW (s) = (n, Wa(t)) —/ l,BdW (s), P-as.
0 0

To prove uniqueness of weak solutions of (6.0.1) we need the following two results.

Lemma 6.0.2. Let (C,D(C)) be the generator of a Cy-semigroup on the separable Hilbert space H. Then,

the vector space D(C) endowed with inner product (x,y)c = (z,y) y+{(Cx, Cy)g and norm ||z|c := (z, x>é/2

s a separable Hilbert space.

Proposition 6.0.3. Let {X(t)}i>0 be a weak solution of (6.0.1) with f = 0 and & = 0. Then, for all
p € CLH[0,T],D(A*)) and t € [0,T),

t

(X000 = [ X606+ A ds [ Lo BaW )
Proof: First, let p(s) := pog(s), po € D(A*), ¢ € C'([0,T],R) and define
Y, (t) ::/0 (X (s), A% po) d5+/0 Lo BdW (s).

Note that if {X(t)}icp0,7) is a weak solution with f =0 and £ = 0, then

(X (1), po) = Yo (), £ € [0.7]. (6.0.8)
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If F(t,z) := ¢(t)x, z € R, t € [0,T), then

Fi(t,z) =2d/(t), Fu(t,z)=0(), Ful(t,z)=0,
and hence, by Theorem 6.0.3 and (6.0.8),
) = ()X (1), po) = G(1)Yy(t) = F(t, Y, (1))

()10 B AV (3) + / (Yoo (56 () + 0(5)(X (), A"pp)) ds

(X(1),p(t)

_ / p
0

_ / Ly B AW (s) + / (X(5), 0/ (5) + A*p(s)) ds.
0 0

Next consider a general p € C'([0,T],D(A*)). By Remark 6.0.2 the operator A* is the generator of the
Co-semigroup {S(t)*}+>0 and hence, by Lemma 6.0.2, D(A*) becomes a separable Hilbert space with inner
product {x,y)a~ = (x,y)g + (A*z, A*y)y and norm ||z| - := (m,xﬁ/f. Let {ex}ren be an orthonormal
basis for (D(A*),|| - ||a~) and consider the orthogonal expansions

(p(t),ex)arer  and  p/(t) = (0(t),ex)a-ex.
k=1

M2

p(t) =

e
Il
-

For N € N, define

pn(t) =D (p(t),ex)aren,  p(t) =D (p'(t), ex)a-e.

k=1 k=1
Then, by the first part of the proof and linearity,

(X(8), o (8)) 11 = / ((X(5), ()1t + (X (5), A% pw () ) lt

¢ (6.0.9)
+/ le(é)BdW(S)
0
For the second integral on the right hand side of (6.0.9) we have, using It6’s isometry, that
t t 2
E| / Ly () BAW (5) — / Loy BAW(s)||” = 0,
0 0
since, by the Dominated Convergence Theorem,
t t
/O llon(s) — lp(s))BQl/QH%Q(U,R) ds = /0 1Q?B*(pn(s) — p(s))llfrds — 0.

Finally, we may select a subsequence {py, } such that
t t
/ Lo, (s)BdW (s) — / lpsyBdW (s) P-almost surely, as k — co.
0 0
For the sake of simplicity we denote the sequence {pn, } by {pn} again. To deal with the first integral on

the right hand side of (6.0.9), we note that py(t) and p/y(¢) converge in the || - || ax-norm to p(t) and p’(t),
respectively. Hence, it follows that

(X (@), on () — (X (1), p(t)) 11,
(X(s), P () — (X (5),0'(8))
and
(X(s), A"pn(s)) — (X(s), A"p(s))m
as N — oo. We also have
(X (s), v (NP < IX () ()1 F < I1X ()1 F ] on (5)]
<X ()HP (9[- < KIX ()17,

2
A*




91

and thus,
(X (), P (s))] < K[ X(s)l|mr- (6.0.10)

Similarly, for the other term,
(X (s), Apn ()| < - < X ()l llp(s)lla- < K[| X(s)l|a- (6.0.11)

Since {X(t)}+ejo,7) is a weak solution of (6.0.1) it has Bochner integrable trajectories P-almost surely and
hence, by (6.0.10), (6.0.10), and the Dominated Convergence Theorem, we may pass to the limit in (6.0.9)
inside the first integral on the right hand side P-almost surely and the proof is complete.

Theorem 6.0.6 (Uniqueness).  If {X(t)}icjo,1) is a weak solution of (6.0.1), then X (t) is given by (6.0.6)
P-almost surely, that is, { X (t)}+e[o,r) is a version of (6.0.6).

Proof: As in the proof of existence of weak solutions of (6.0.1) it suffices to consider the case when
f=0and £ =0. Let
p(s):==S(t—8)py, s€[0,T], po<€D((A*)?).

Then p'(s) = —A*S(t — s)*po = —A*p(s) and by Lemma 6.0.3,

(X(0.0) = (X000 = [ 1 BAW ).
Furthermore,
(Lo(s)B)(u) = (S(t = 5)"po, Bu) = (L5, S(t — s)B)(u)
and hence, by Lemma 1.4.1,

t

X Om) = [ o BAWE) = [ 15— BaW ()
= ([ 0= 9BaW() = (Wa).p0)

Finally, using the fact from semigroup theory that D((A*)?) is dense in H, we conclude that X (t) = W4 (t)
P-almost surely.
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Chapter 7

Applications to stochastic partial
differential equations

7.1 Overview of Sobolev spaces

In this section we overview the basic properties of Sobolev spaces. The Sobolev spaces WP (Q) are LP(f2)
spaces that control the regularity of the derivatives. Their structure and properties make them particularly
suitable for the formulation of partial differential equations in a functional analytic setting. When we study
a partial differential equation, we understand-in the classical sense- that a solution must be differentiable at
least as many times as the order of the equation and that it must satisfy the equation everywhere in the
space and time. However such a point of view is very restrictive and several interesting equations which
model physical phenomena will fail to possess such solutions and thus we will prevented from studying
mathematically such physical situations. As a first towards this, the notion of differentiable functions must
be generalized via the notion of Sobolev spaces.

7.1.1 Domain boundary and its regularity

Definition 7.1.1. A subset Q C R? is said to be a domain if-f it is nonempty open and connected.

Definition 7.1.2. A subset Q C R? is said to be connected if-f for each two points in Q are connected by
a continuous curve which lies in €.

Consider an infinite sequence (€),), of bounded domains such that €2,, C Q,1, where Qg is a symmetric
equilateral hexagon with unit edge length. For every n € N the domain 2,11 is obtained from €,, as follows:
Each edge of 2, is split into three equally long parts ejef¢, €miq and epighe. An open equilateral triangle of
the edge-length |e,,iq4| is attached from outside to e,,;4. Consider the limit set 2. Then it can be proven
that the unit normal vector to the boundary 0N is defined nowhere to on 9. In order to avoid similar
unpleasant situations we introduce the notion of a Lipschitz continuous boundary 0Q. For an exact
definition see Adams [AD]. Roughly speaking the boundary 9 is said to be Lipschitz continuous if-f there
exists a finite covering of 0f2 of open d-dimensional rectangles such that in each rectangle 92 can be expressed
as a Lipschitz continuous function of d — 1 variables.When 02 is Lipschitz continuous then a unique unit
outer normal vector is defined almost everywhere on 0fQ.

7.1.2 Weak derivatives

Definition 7.1.3. Let Q C R? be an open set. We call multi-index a vector a = (ai,...,aq) € N®. The
length of the multi-index is given by |a| = Z?Zl a;. Let f:Q — R be a m-times continuously differentiable
function. For |a] < m, we define the a*® partial derivative of f by

olal

D f = .
61‘1a1 5 8$2a2, P 8$dad

93
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Example 7.1.1. If a =(0,0,...,0), then D*f = f.
If a = (1,0,...,0), then D°f = 2L =: 9;f.

Ifa=(11,..,1), then D*f = 50 F =90 f.
Definition 7.1.4. Let Q C R? be an open set. We define the space of test functions
C(Q) == {¢p € C°(Q) : supp(¢) C Q and supp(¢) is compact},
where the support of a function ¢ is the set
supp() = {x € Q: ¢(x) # 0}.

Example 7.1.2. Consider the bounded domain 2 = (—1,1) C R and the functions

1

¢(x) = cos(mz) + 1 (x) =e 1-7%.

Neither ¢ nor ¢ is a test function, since supp(¢) = supp(¢)) = [~1,1] is not contained in §2. However, ¢ can

be extended by zero to be a distribution in the interval Q = (=1 —¢,1 + ¢), for some ¢ > 0. This is not
possible for the function ¢, since its second derivative would be discontinuous in €2

Remark 7.1.1. For each ¢ € C°(Q), there exists at least a thin belt along the boundary 92, where ¢
vanishes. This is straightforward by the fact that supp(¢) is compact, so it is contained to a closed ball that
is a pure subset of the open set €.

In the sequel we will review basic facts from multidimensional calculus which are needed for the definition
of the weak derivatives. For more details see Spivak [?].

Theorem 7.1.1 (Green’s Formula). Let Q C R be a bounded domain with a Lipschitz continuous boundary
0. For every u,v € C1(Q) N C(Q), we have

Ou vdX:—/u Ov dx+/ uwvvy; dS,
o 0z o O 0

where v(x) = (v1,...,vq)T(x) is the unit normal vector to the boundary 0. (which is defined almost
everywhere).

Theorem 7.1.2 (Gauss’s Theorem). Let Q C ]%d be a bounded domain with Lipschitz continuous boundary
09Q. Every smooth vector field w € [C1(Q) N C(Q)]¢ satisfies

/QV'W(X) dx:/aQw(x)~u(x) ds

where v(x) = (v1,...,vq)T (X) is the unit normal vector to the boundary 99

Proof: For each i = 1,...,d apply Green’s Formula (thm (7.1.1)) for v = w; and v = 1. By addition of
the derived equations, we get the desired result.

Corollary 7.1.1. Let Q C R? be an open set, f € C™(Q) and a a multi-index such that |a| < m. Then,
/D“f(x) b(x) dx = (-1)‘@'/ f(x) D*p(x) dx, for all ¢ € C(Q).
Q Q

Proof: Apply Green’s formula (thm(7.1.1))

Definition 7.1.5. Let Q C R? be an open set. A measurable function f : Q@ — R is said to be locally
integrable if-f fK |f] dx < 00, for each K C Q2 compact. The space of locally integrable functions is denoted
by Ljoe(9).

Remark 7.1.2. Observe that LP(Q2) C L}, (Q) for each open Q C R? and 1 < p < co. Actually, the space
Li,.(Q) is very "large”. For example, the function % does not belong to LP(0,00) for any 1 < p < oo but it

belongs to L} (0, 00).

loc
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Lemma 7.1.1 (Generalized Variational Lemma). Let Q C R? be an open set and f € L}, (). If

/ f(x)o(x) dx =0, for each ¢ € C(Q)
Q

then f =0 almost everywhere in Q.

Proof: First case f € L'(Q) and || < co. Let € > 0. In this case, there exists fi € C°(Q) such that
| f — fill; <e. Therefore, for each g € C°(2) we have

‘/Qflgdx

Set K1 ={x€Q: fi(x) >e} and Ko = {x € Q: fi1(x) < —e}. We have K1 N Ky = 0 and for each i = 1,2,
K; is a closed (from continuity of f1) subset supp(f1), which is compact. So each K; is compact. By virtue of
Urysohn’s Lemma, there exists a function h € C°(9) such that h =1 on K7, h = —1 on Ks and |h(x)| < 1,
for all x € . Set K = K7 U K5. Then by 7.1.1, we have

/I<|f1dxz/Kflth§’/Kflth S‘/Qflhdx—/Q_Kflhdx
/Qflhdx /Q_Kflhdx §5+/§2_K|f1\dx

Ifilise+z [ IAldx<e+2eQ)
K

Syl fr=Flly <ellgllo - (7.1.1)

=‘/Q(f1—f)gdx

< +

Therefore,

since |fi| < e on 2 — K. So we conclude that || f[|; < [[f— fill; + I fill; < 2+ 2¢[Q[. Since this last
inequality is true for an arbitrary € > 0, we get that || f||; =0, thus f =0 a.e in Q.
General case f € L, (). We write Q = U2, where for each n € N Q,, = QN B(0,n). For each n € N,

Q,, is bounded and relatively compact. Therefore, fﬂn |f| dx < oco. So, by the previous case, for each n € N
f=0aein Q,. Thus, f =0 a.e in .

Definition 7.1.6. Let Q C R? be an open set, f € L}, () and a a multi-indez. A function D% f € L} ()
is called the weak o*" derivative of f if-f

/ DA f ¢ dx = (71)"1'/ fD% dx, for all ¢ € CZ(Q).
Q Q

Lemma 7.1.2 (Uniqueness of the weak derivative). Let @ C R? be an open set, f € Li (Q) and a a

multi-index. The weak a'™ derivative D% f € L}, (Q) (if it exists) is unique up to a zero-measure subset of (2.

Proof: Assume g1, g2 € L}, .(Q) are the weak a'" derivatives of f. Then,

/(91 —g2)¢p dx =0 for all ¢ € C°(Q).
Q

Therefore, by Lemma (7.1.1) we conclude that g; = go a.e in .

Lemma 7.1.3 (Compatibility of weak and classical derivatives). Let Q C R? be an open set, f € C™(Q) and
a multi-index |a| < m. Then the classical at derivative D is identical to the weak a'® derivative D2 f.

Proof:It is direct from Corollary (7.1.1) and Lemma (7.1.2).

Remark 7.1.3. Classical derivatives are defined pointwise as limits of difference quotients. Weak derivatives
are defined only in an integral sense up to a set of measure zero. By arbitarily changing the function f on a
set of measure zero we do not affect its weak derivative in any way.

Example 7.1.3. Consider the function
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which is continuous and piecewise-smooth. We will show that in this case the weak derivative exists and it
coincides with the classical derivative which is defined almost everywhere. For all ¢ € C2°(R) we have

/+°°f¢’ dr = /OOO z¢' () dr = —/OOO o(z) do = —/RH(m)gb(x) dz.,

— 00

where
0, =<0
1, z>0.

H(z) = {

Therefore, the Heaviside function H is the weak derivative of f.

The next example raises an important interesting point. If a locally integrable function has a classical
derivative almost everywhere, which is also locally integrable, then the weak derivative is not necessarily the
same with the classical derivative.

Example 7.1.4. The Heaviside function H is locally integrable. We claim that H does not have a weak
derivative. Indeed, for all ¢ € C°(R)

- /R H(z)¢/(z) do = — /OOO ¢'(x) dv = $(0).

Assume that there exists g € L}, .(R) such that

loc
/Rg(a:)¢(x) dx = ¢(0), for all ¢ € C°(R).

By the Dominated Convergence Theorem we have

h

I dx = 0.
m ) l9(x)| da

Therefore, we can choose a § > 0 such that fis lg(x)| dz < 3. Let ¢ : R — [0, 1] be a smooth function with
¢(0) = 1 and with support contained in the interval [—§,]. Then we have

6
1=60) = [ g@)ole) do <ol [ loto)l do < 5,

which is a contraction.

Example 7.1.5. Consider the function

[0, reQ
flw) = { 2+sinz, z€R\Q.

Observe that f is nowhere continuous. For if x € R\Q and {x,}°2; C Q such that lim,_, . x, = x, then if f
was continuous, it should be f(x,) — f(z), thus 0 = f(x) = 2+ sinz # 0. On the other hand if z € Q, then
for all 6 > 0 we can choose a z; € R\Q with |z — z1] < d. But |f(x) — f(z1)| = |2 + cosz1| > 1. However it
is easy to see that the function g(z) = cosz is a weak derivative of f. Indeed, since the Lebesgue measure of
Q is zero, for each ¢ € C°(§2) we have

—/Rf(x)gb'(w) dr = f/R(Q +sinz)¢' (v) dz = /cosmgf)(x) dz.

7.1.3 The Sobolev spaces W*?(Q2) and H*().

Definition 7.1.7. Let Q C R? be an open set, k > 1 an integer and p € [1,00]. We define the space

WHEP(Q) = {f € LP(Q) : D% f exists and lies in LP(Q), for all |a| < k}.
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For all 1 < p < 0o we define the norm || ||, , on WFP(Q) by

=

If

o= 2 D0/}

la|<k=

Especially, for the space WP (Q) we have

=

10 = (1F I+ 1V FIE)
For p = +00 we define the norm || ||, ., on Wk=(Q) by

1 Wl o0 = o2 1 D f o -

In the important special case p = 2 we abbreviate
H*(Q) :== Wk (Q)
Furthermore we define the seminorms on W*P(Q) by

P

flep=| D_IDGFIL] , for 1<p<oo.
lal=k

[flk,00 = max || D f || -
lal=k

Especially, for the space WP (Q) we have

[l =1V,

Theorem 7.1.3. Let Q C RY be an open set, k > 1 an integer and p € [1,00]. The Sobolev space W*P(Q)
is Banach.

Proof: We will prove this result for the Sobolev space W1?(a,b) where (a,b) C R an open interval.
Let (fn)n be a || [|; ,-Cauchy sequence in W1P(a,b). Then (f,), and (f}), are || [|,-Cauchy sequences in
the Banach space LP(a,b). Therefore, there exist f,g € LP(a,b) such that lim, o || fr — f Hp = 0 and

lim, o0 | fr, =9, = 0. On the other hand, for all n € N and ¢ € Cg°(a,b), we have f(f fnd dz =
— [ 16 da. But it holds that lim, o0 [* fnd' dz = [* f¢/ dz. Indeed, | [ fud da — [ fo dx’ < b llw J2 | frm
flde <[l I fn=F1, (b—a)z%* — 0, when n — oco. Similarly, lim,_, f: flo dz = f: g¢ dz. Therefore,

we conclude that f; fo de = — f; g¢ dx. This means that f € W'P(a,b), f' = g and limy, o0 || fo — I, , =
0.

Proposition 7.1.1. Let Q C R? be an open set and k > 1 an integer. If 1 < p < oo, then the Sobolev space
WkP(Q) is reflexive.

Proof: We will prove this result for the space WP (a,b). Since the space LP(a,b) is reflexive for 1 < p <
o0, the same is true for the space LP(a,b) x LP(a,b). But the space W1 (a,b) is isometrical isomorphic to a
subspace of LP(a,b) x L”(a,b), via the mapping WP (a,b) > f — (f, f') € LP(a,b) x LP(a,b). But the space
W1P(a,b) is closed, since it is Banach. Therefore the above subspace is also a closed subset of the reflexive
LP(a,b) x LP(a,b), thus it is also reflexive. Therefore W1?(a,b) is reflexive.

Theorem 7.1.4. Let Q@ C R? be an open set and k > 1 an integer. The space H*(Q) endowed with the inner
product

< f,9>k2= Y < D4f,Dig>raq)
la|<k

is Hilbert.
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Proof: By virtue of Theorem (7.1.3) it is enough to show that <, > 2 is an inner product.

Remark 7.1.4. We denote by C*°(€) the space of all functions which are infinitely differentiable in the
open set €2 and such that the functions and all their derivatives possess continuous extensions to 2.

Theorem 7.1.5. Let Q C R? be a bounded domain with Lipschitz continuous boundary, k > 1 an integer
and 1 < p < co. Then, the space C>=(QQ) is dense in WP (a,b).

Proof: We will prove this result for the space W1P(a,b). In the first two steps we prove two useful
Lemmas. Claim Let ¢ € C¢°(a,b). There exists ¢ € C°(a,b) such that ¢ = ¢’ if and only if f: o(t) dt=0
Proof of claim: Assume that there exists ¢ € C2°(a,b) such that ¢ =1)’. Then, f; ¢ dt =1(b) —1(a) = 0.

Conversely, assume that f;(b dt = 0 and supp(¢) C [e,d]. Define the function 9 (t) = f; @(s) ds. Since
Y'(t) = ¢(t), we have that ¢ € C*(a,b). Furthermore, it is direct that ¢ vanishes in (a,c) and (c,d).
Therefore, supp(y)) C [c,d], so ¢ € C(a,b).

Claim: Let f € LP(a,b), 1 <p < co. If for all ¢ € C°(a,b) it holds that f; f¢' dz =0, then f is equal to
a constant almost everywhere in (a,b). Therefore, if f € WP(a,b) and f’ = 0, then f is constant almost
everywhere in (a,b)

Proof of claim: Let ¢¢ € C°(a,b) such that f: ¢o dr = 1. Consider an arbitrary ¢ € CS°(a,b). Set

b
w=¢— (/ @ dx) ¢o € CZ(a,b). (7.1.2)

Then, fabw dxr = 0 and thus from the previous claim there exists ¢ € C>°(a,b) such that w = ¢’. So,
by our assumption we get that f;fw dx = 0. By substituting w from (7.1.2) we have that fab fodx =

ff ¢ dt - ff f ¢o dt. If we set ¢ = ff foo dt, then fj(f —¢)¢ dt = 0. Since the last relationship is true for all
¢ € C°(a,b), we derive that f = c a.e.

We continue now with the main proof. Obviously C*°[a,b] C WP (a,b) and the weak and classical deriva-
tives coincide. Let f € WP (a,b). Then f’ € LP(a,b) and thus by density there exists a sequence (¢,,), in

C°(a,b) such that limy, o0 || ¢n — f7 ||p = 0. For each n € N set 1, = fat ¢n dz. Then {¢,}52, C C*®|a,b)].

Moreover, for positive integers m,n we have

b 1
o — ] < / 160 — bl dz < |6 — b |, (b — @) =
a
Therefore,

” wn - l/}m Hp § ” (bn - ¢m Hp (b - CL),

from where we deduce that (¢,), is Cauchy in LP(a,b) and thus there exists h € LP(a,b) such that
limy, o0 || 9 — R[], = 0. Moreover since v;, = ¢, for each n € N and ¢ € C°(a,b) we have

/abzpnqs’ dz = —/ab¢n¢ dz.

Taking the limits as n — co we get f: h¢' do = — f; f'¢ dx, which means that h € W1P(a,b) and b/ = f'.
So by the second claim h — f = ¢ almost everywhere in (a,b). Consider now the sequence z, = ¢, — c. It is
(20)52) € C®[a,b] and lim, o0 |20 — f |, = 0.

Definition 7.1.8. A function f : [a,b] — R is said to be absolutely continuous if-f for each € > 0 there
exists § > 0 such that for each finite sequence {(x;,x})}" , of disjoint open intervals contained in (a,b), with

Yo (@) —x;) <8, it holds that Y"1, | f(z}) — f(z;)] <e.
Remark 7.1.5. For every absolutely continuous function the following assertions are true:
1. Every absolutely continuous function is uniformly continuous.

2. Every absolutely continuous function is differentiable almost everywhere and its derivative is an inte-
grable function.
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3. A function f is absolutely continuous if and only if it can be written as an integral of an integrable
function. In this case,

f@) = 5@+ | ") di

4. If f,g: [a,b] — R are two absolutely continuous functions, then we can integrate by parts, i.e
b b
[t dt= 10)90) - f@g(@) - [ 00 ae

5. From (3) each ¢ € C2°(a,b) is absolutely continuous. Therefore, from (4) each absolutely continuous
function f is an element of WP (a,b) and its weak derivative coincides with the classical derivative
(which is defined almost everywhere).

Proposition 7.1.2. Let 1 < p < oo and f € WYP(a,b). Then, f is equal to an absolutely continuous
function almost everywhere.

Proof: Let f € W1P(a,b). Then f’' € LP(a,b). Set g(z) = fax f'(t) dt. Then g is absolutely continuous,
thus g € W'P(a,b) and ¢’ = f’. So f = g + ¢ almost everywhere and of course f := g + c is absolutely
continuous.

7.1.4 The spaces W, ”(Q) and H}(Q).

Definition 7.1.9. Let Q C R? be an open set, k > 1 an integer and p € [1,+oc]. We define the subspace
Wé”’(Q) C WkP(Q) as the closure of C2°(Q) in WFP(Q). Moreover, we denote HE(Q) := WSC’Q(Q).

Remark 7.1.6. One can think the closed subspace W}*?(Q) as
WEP(Q) = {f e WFP(Q): D2 f =0 on dQ, forall |a| < k}.

Especially,
WEP(Q) = {f € W"P(Q): f=0 on 99},

In the above interpretation there is an important detail that needs to be dealt with caution. In general as
the d-dimensional Lebesgue measure of 9f) is zero, it is not meaningful a priori to talk about the value of a
function f € W*P(Q) C LP(Q) on 09, unless say f is at least continuous. The object of trace theory is
to give a meaning to fiaq called the trace of f. So the interpretation of Wol’p(Q) as the space of Sobolev
functions that vanish on the boundary is made more precise in the trace Theorem which shows the existence
of a trace map T that maps a Sobolev function to its boundary values and states that the functions in
VVO1 P(Q) are those whose trace is equal to zero. This study is beyond the scope of these notes. For more
detlails see sections 2.6 and 2.7 in Kesavan’s book [KS I]. In the sequel we will give a proof for the case
Wy (a,b).

Proposition 7.1.3. Let f € WP (a,b) and f its absolutely continuous representative. Then f € Wol’p(a,b)
if and only if f(a) = f(b) = 0.

Proof: Let f € W, ”(a,b). Then there exists a sequence (¢;,), in C2°(a, b) such that lim, e || ¢n — f I ,=

0. Since the inclusion map from W’“:”(Q) into C'la, b] is continuous (see theorem(6.4.3) in [KS II]), we con-
clude that ¢, — f uniformly. Thus f(a) = lim;, o ¢n(a) = 0. Similarly f(b) = 0.
Conversely, assume that f(a) = f(b) = 0. Then, we have that

fw = [ Foa

Therefore, fab f/(t) dt. Consider now a sequence (¢,), in C2°(a,b) with lim, o || ¢n — f' Hp = 0.. Then,

/abqbndt—/abf’dt

< b=l (b=a) =0
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b
/ On dt — 0.

Let ¢o € C2°(a,b) such that [ @ dt = 1. Then if

wn—%—(/:abndt)sbo

we also have that || ¢, — f Hp — 0 and fab ¥y dt = 0. Therefore, ¢, = x!, where (z,,), in C°(a,b) as well.

Since -
o= [ bndi

it follows that x,, — f uniformly and so | 2n — f Hp — 0 as well. Thus, z, € C2°(a,b) and ||z, — f |, , = 0.
This shows that f € WyP(Q).

and so

Lemma 7.1.4 (Poincare’s Inequality). Let Q be a bounded open set. Then there exists a constant C = C(£2, p)
such that

I, <Clf

1o =CIVfll,, forall feWyP(Q) (1<p<oo).

In particular f — |flip = | V|, defines a norm on WP () which is equivalent to the norm || [y, On
H () the bilinear form

(f9) > [ Vr9g i
Q
is an inner product on Hg () which induces the norm | |12 equivalent to the norm || ||, ,.

Proof: We will prove this result for the space Wy"*(a,b). In particular, we will show that || f I, <
(b—a) | f']l,, for all f € WP (a,b). Let f € WyP(a,b) and f its absolutely continuous representative. Then

by Proposition (7.1.3), f(z) = N f'(t) dt. Therefore, |f(x)| < H f! p(b—a)x%*. Thus, H f ) < H f! p(b—a).

7.1.5 Generalized integration by parts formulae

Theorem 7.1.6 (Green’s formula). Let  be a bounded open set of class C1 lying on the same side of its
boundary 0Q. Let u,v € H*(Q). Then

Ou vdX:—/u v dx+/ uvvy; ds,
Q o0

where v(x) = (v1,...,v4)T(x) is the unit normal vector to the boundary OQ. (which is defined almost
everywhere).

Proof: See Theorem(2.7.5) in [KS I]
Remark 7.1.7. In the above theorem by u on 02 we mean the trace of u on 9.

Corollary 7.1.2. Let Q be a bounded open set of class C', u € HY(Q) and v € H?(Q). Then,

/uAde:—/Vu-Vvdx—i—/ uVv-v dS
Q Q a0

T(x) is the unit normal vector to the boundary OS). (which is defined almost

where v(x) = (v1,...,vq)
everywhere).

Proof: It is direct from Theorem (7.1.6).
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7.2 Laplacian with Dirichlet boundary condition

In this section we start with a simple but fundamental example, the heat equation with Dirichlet bound-
ary condition. Let Q Cc R? be a bounded open set of class C* with boundary (2. Consider the
problem of finding a function w : [0,00) x Q — C that satisfies

ou = Au, (t,x) € [0,00) x Q
u =0, (t,x) € [0,00) x O (7.2.1)
u(0,%) = up(x), x€Q,

where A := Z?Zl 8‘2—; = Zle 0? is the Laplacian in the space variables x, t is the time variable and wug is

the initial data. The main idea is to view u(¢,x) as a function of one variable [0,00) 3 t — u(t) € X ,where
for each t > 0, u(¢) is the function 3 x — u(t,x) (depending only on the space variables) and for each t > 0
the function u(t) is an element of a suitably chosen infinite-dimensional Hilbert space X (space of functions).
Therefore the above partial differential equation can be rewritten as an abstract Cauchy problem, i.e an
ordinary differential equation in a Hilbert space of the form

{ u'(t) = Au(t), t>0

U(O) = Uo, 5

where A=A : X D D(A) — X. We wish to make use of the previous theory, so we have to choose carefully
both the space X and the domain D(A) in order that the unbounded linear operator A : X D D(A) — X
generates a Cy-semigroup of contractions. We make the following choice:

D(A) = H*(Q)N H(Q) c X = L3(Q),

Au = Au, ,

Observe that the choice D(A) C H{ () imposes a condition, that is u = 0 on 99

Theorem 7.2.1. The above defined A generates a strongly continuous semigroup of contractions on X =
L2(Q).

Proof: We will apply Lumer-Phillips Theorem (2.5.2) to show that A : H2(2) N H}(Q) — L?(Q) is the
infinitesimal generator of a Cp-semigroup. Note that D(A) = H?(Q) N HE () D CZ(Q) and CZ is dense in
L?(Q), therefore A is densely defined.

First step: A is dissipative. Notice that integrating by parts we take, for each ¢ € H?(Q) N HZ (),

d d
<A¢,¢>—/QA¢¢dx—;/ﬂaf¢qsdx——;/ﬂaqumdx——/ﬂ|v¢|2dx <0.

Second step: Ao/ — A is surjective for some )y > 0. We have to find Ay > 0 such that the following
fact is true: for each f € L?(f2), there exists ¢ € H?(Q) N H} () such that f = \g¢p — Ad. Precisely we are
trying to solve the well known Dirichlet problem

Mo —Ap =f, onQ
{ ¢0: 0, on 0f). (7.22)

There is a standard topological way to solve this equation. Observe that ¢ € D(A) = H2(Q)NH}(Q) is a solution of (7.2.2)
if and only if

/(/\0¢ —A@) Y dx = / £ dx, Vi € C2(9). (7.2.3)
Q Q

For the opposite direction use the generalized variational Lemma (7.1.1). Now, since C°(Q) is dense in
H}(Q) and both sides of (7.2.3) are continuous in 1 with respect to the HE(2)-topology, it follows that

/(w— AG) T dx = / J T dx, Vi € HY(9).
Q Q

Exchanging conjugates and integrating by parts (see Green’s formula (Cor(7.1.2)) we have that ¢ € H?(Q)N
HL(Q) is a solution of (7.2.2) if and only if

_ — _ )
AO/ngsder/Qw Vo dx /Qt/;fdx, Vip € HY(Q). (7.2.4)
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A function ¢ € H{ () satisfying equation (7.2.4) is called weak solution of the Dirichlet boundary value
problem (7.2.2). Therefore, a weak solution ¢ € H}(2) can formally solve (7.2.4) without being in H?(Q2)
and therefore without the Laplacian A¢ be defined. In the sequel, we will apply the Riesz representation
Theorem to prove the existence of a weak solution ¢ € Hg () of (7.2.4). To this aim, for A\g > 0 define the
map <<, >>: H}(Q) x H}(Q) — C as follows:

<<w,¢>>::A0/§2w$dx+/52vw-de, b, € Hy(Q).

Then, by virtue of the Poincaré inequality (Lemma(7.1.4)), it is easy to check that for each Ay > 0 (although
the case A\g = 1 is enough for our scope), the map <<, >> defines an inner product on Hg (), equivalent
to the usual one defined by

<w,¢>1,2:=/9w$dx/gw~v*¢dx, b1 € HL(S).

Now, observe that for a fixed f € L?(2) the linear functional z* : H}(Q) — C defined by

() = / U dx,

is bounded with respect to the || ||; , norm and therefore is also bounded with respect to the norm induced
by <<, >>. Indeed, by using Holder’s inequality we get, for all v € H}(Q2)

[z (D < NNz 1 F 2@y S NPl F Iz -

Therefore, by Riesz representation Theorem, there exists a unique ¢ € HE () such that
v* () =<< ¥, ¢ >>, Vi € Hy(Q).

So until now we have shown that there exists a weak solution ¢ € H}(Q) of the Dirichlet problem (7.2.2).
We want to prove that ¢ € H?(Q), too. If this is true then we have finished. This fact is guaranteed by the
following theorem (see Brezis [BR] chapter IX Theorem IX.25):

Theorem 7.2.2 (Regularity of weak solutions of the Dirichlet problem). Let Q C R? be of class C? with
bounded boundary 9 and ¢ € H}(Q) a weak solution of the Dirichlet problem (7.2.2). Then ¢ € H*(Q) and
there exist a constant C = C(Q) > 0 such that

19120y S C DNl L2q) -

Theorem 7.2.3. For each ug € H?(2) N H(Q), the problem

gu = Au, (t,x) € [0,00) x Q
u =0, (t,x) € [0,00) x O

has a unique solution u € C*(]0,00), L*(Q)) N C([0,00), H?(Q) N HL(Q)).

Proof: Apply Theorem (7.2.1) and Remark (1.4.3).
Remark 7.2.1. Theorem (7.2.3) can be extended to the case uy € L?*(2) with some changes. In this
case the self-adjointness of A plays the crucial role. Note, that the price we pay for the initial data being
in X = L%(Q), is the lack of differentiability at ¢ = 0. For more details on this see Example (4.1.4),

Theorem (4.5.2), Theorem (4.5.3) and Theorem (4.6.1) in the book of Kesavan [KS I]. We only state the
final result and omit the proof.

Theorem 7.2.4 ([KS I] Theorem (4.6.1)). Let ug € L*(Q). Then there exists a unique solution u of the heat
equation (7.2.1) such that

u € C([0,00), L*(2)) N C((0,00), L*(€2)) N C((0,00), H*(2) N Hy(%2)).

Further, for everye >0 -
u € C%([e,00) x Q).
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7.3 Diffusion operators on L°.

In this section we enlarge the discussion of the previous section. Let @ € R? be a bounded open set of
class C*° with boundery 0. Consider the problem of finding a function « : [0,00) x  — C that satisfies
the following parabolic pde

%—It‘ = Lu, (t,x) € [0,00) x
u =0, (t,x) € [0,00) x 00 (7.3.1)
’LL(O,X) = UO(X)7 x €4,
where
d
L::Za” 8”—|—Zb )0; —c(x), x€Q
ij=1

is the diffusion operator. We will make the followmg assumptions
e the diffusion coefficients a;; € C*(Q,C) for 1 <4,j < d. Moreover b;,c € C(Q,C).

d
e [Uniform ellipticity] there exists a > 0 such that Re Z ai;(x)¢i¢ > al¢|, for all ¢ € C4,x € Q.
i,j=1
Of course for a;; = d;; and b; = ¢ = 0 we take the Laplace operator.
The above partial differential equation can be rewritten as an abstract Cauchy problem, i.e an ordinary

differential equation in a Hilbert space of the form

{ u'(t) = Au(t), t>0

u(0) = wo, ;

where { D(A) = H?>(Q)N H(Q) C X = L3(Q),
Au = Lu, ’

In the sequel we will show that A is the infinitesimal generator of a Cy-semigroup on L?(£2).

Theorem 7.3.1. Under the assumption of uniform ellipticity we the operator A as defined above is the
infinitesimal generator of a Co-semigroup on X = L?(£2).

Proof: By virtue of Example (1.4.2), it is enough to show that A, := A— Aol generates a Cp-semigroup
of contractions on X, for some Ag > 0. We will apply the Lumer-Phillips Theorem (2.5.2).
First step: Ay, = A — Ao/ is dissipative for some \g > 0 For each ¢ € D(A) = H?(Q) N H}(Q) from
integration by parts (theorem (7.1.6))we have

<Lp ¢ >1200) = Z/aw U¢¢dx+2/b 6J¢¢dx+/c¢¢dx

1,j=1
_ _Z/a@a (ai; & dx—i—Z/b 8j¢¢dx+/c|¢|2dx
i,j=1
Now,
/87,(25 aj(a” g) dx:/ajaw 81¢6dx+/a” 8@@(1}(
Q Q Q
So,

d
< Lo, ¢>L2 Q= — / Zalj 0;¢ 8jq§dx+/gz<2&aﬂ+bj> 8j¢$dx+/ﬂc|¢|2 dx.

7,7=1 Jj=1 =1

Now taking real parts we have,

d
Re < Lo, ¢ >p1200)= — /Re Z aij 0i¢ 0;¢ | dx+R /Z(-Zaiaﬁ+bj> 8j¢$dx+/c‘¢|2 dx
Q

i,j=1 Q=1 i=1
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By uniform ellipticity we have

d
/ Re Z ai; 0;0 0;0 | dx > a/ |Vol|? dx.
Q Q

ij=1

Now set K; := maxi<;<q H —Zle Oiaj; +b; H < oo and Ky = ||c||,, < co. By applying Holder’s
oo

inequality we get

d d d
AZ(—Zaiaji+bj> 90 ¢ dx SKI/QZM 6] dx < dK1 |V, ¢ ll, = K3 |Vl 61, -
j=1 i=1 j=1

[ < 1of ax

applying this with a = || V¢ |, and b= 1| ¢ ||, (where e > 0)we get

and
2
<Kzl

2 2
Now because ab < w

2
€ 2 1 2
1961 161, < S 19613 + ooz 1 61

Finally, combining all the above results we take the estimate

Kqe? K
Re<16.0>< (~a+ S5 ) 901+ (53 + o) 015.
Now choose € > 0 small enough such that Ky = —a + K3T52 < 0. Setting K5 := %’g + K5, we deduce that for
each A > 0 and ¢ € H2(Q2) N H}(Q)

Re < Axg, ¢ >= Re < (L —A)$, ¢ >< K4 | Vo |2+ (Ks — A) || o |I2.

This gives dissipativity if K5 — A < 0. So since now we will fix some A\g > K5.

Second step: Rg(ul — Ay,) = X = L*(Q), for some p > 0. Because ul — Ay, = pl — (L — X\oI) = (p+
Xo)I — L we consider recall p the value p+ Ag. Using similar arguments as in the previous section we deduce
that a function ¢ € D(A) = H%(Q) N H () is a solution of the Dirichlet problem

uo— Lo = f € L), on®
{ 6 =0, on 9. (7:32)

if and only if

d L d d L B _
/sz-jaﬂp aj¢dx+/ﬂz<§:aiaﬁbj> wajgbder/Q(,u—E)wgbdx:/wadx, Vip € HE ().
i j=1 \i=1

1,j=1
(7.3.3)
A weak solution of (7.3.2) is a function u € Hg(Q) satisfying (7.3.3). The existence of a weak solution
is due to a generalization of the Riesz representation Theorem which is called Lax-Milgram Lemma. To

prepare the discussion call b; = Y%, dia;; — b; and define the form B : H}() x H}() — C,

d - a B
B, ¢) ::/Q Z @i 0 0;¢ dXJr/Qij Y 0;¢ dx+/ﬂ(,u76) Y ¢ dx (7.3.4)
_ =

ij=1

Clearly B is a bilinear form (i.e linear in the first variable and anti-linear in the second variable) and in
some sense is going to take the place of the inner product on H}(2). For this we need a kind of equivalence
between || ||, , and B on Hg(Q). This is contained in the following

Lemma 7.3.1. Let B be defined by (7.3.4). Under the uniform ellipticity hypothesis we can choose an
appropriate p > 0 such that
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1. Bis H} () x H} (Q2)-continuous, that is there exists L > 0 such that |B(v, ¢)| < L|| ¢ 12l @l o5 for
each ¥, ¢ € HL(Q).

2. B is H}(Q)-elliptic, that is there exists a l > 0 such that |B(,¢)| > 1| ||i2, for each ¢ € H ().
Proof of Lemma:

1. By Holder’s inequality we have

[B(¢,d)| < My [V 5 [| Vo lly + M2 [ VOl (|9 s+ Ms [ @l [[ 9]l < (My+ Mo+ M) [[¢[| 5[ 61l 5

for all ¢,¢) € HE(Q), where My = d?maxi<; j<al ai; |y Mo = dmaxlgjgd‘ Bj and M3 :=
oo

“N_c||oo

2. Moreover by uniform ellipticity we have

B, )] > ReB(4, ) > a ||V |5 = Mo |9 [ | VOl + 915 =l elloo 12115
Now again as before,

e? 1
IVl < SVl + 5 113

Therefore
2
2€&

M. M.
B2 (a- ) IVl + G- el - 32 1615,

for all ¢ € H}(Q). Now it is clear that choosing e small enough in such way that a — M%Ez >0 and pu
big enough in such a way that p — | ¢||, — S/IT% > 0 we get the conclusion (by virtue of the Poincaré
inequality (Lemma (7.1.4))).

The next result as announced is an extension of the Riesz Lemma

Lemma 7.3.2 (Lax-Milgram). Let X be a Hilbert space, B : X x X — C a bilinear continuous and X -elliptic
form. Then, for each x* € X*, there exists a unique x € X such that z*(y) = B(y,x), for each y € X.

Proof of Lemma: See Theorem(3.1.4) in [KS I
Conclusion of the second step: Fix a f € L%(f2) as we have already shown in the previous section,

¥ Hy(Q) = C, 2*(¥):= /Qz/}f dx

is a linear and bounded functional. Therefore since by Lemma (7.3.1) for a fixed p large enough, B is
a bilinear continuous and H}(Q)-elliptic form, by virtue of Lax-Milgram Lemma, there exists a unique
¢ € HY(Q) such that z*(¢) = B(y, ), for every ¢ € H(Q2). This ¢ € H}(Q) is a weak solution of the
Dirichlet problem (7.3.2). It remains to show the regularity of the solution, that is ¢ € H2(2). To prove that
the weak solution has the right regularity is avery difficult and technical job and is contained in

Theorem 7.3.2 (Regularity of weak solutions of the Dirichlet problem). Let Q C R of class C? with
bounded boundary 9 and ¢ € H}(Q) a weak solution of the Dirichlet problem (7.8.2). Then ¢ € H*(Q) and
there exist a constant C' = C(2) > 0 such that

19120y £ C ISl 20 -
The following Corollary is direct from Theorem (7.3.1) and Remark (1.4.3).

Corollary 7.3.1. Let Q C R? be a bounded open set of class C™ with boundary 0. Under the uniform
ellipticity hypothesis, for each ug € H?(2) N HY(Q), the parabolic pde

g = S ay ()0 u+ Y b (%) — c(x)u, (t,x) € [0,00) x O
u =0, (t,x) € [0,00) x 00
u(0,x) = uo(x), x € Q,

has a unique solution u € C1([0,00), L*(Q)) N C([0,00), H*(Q) N HL()).
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7.4 The wave equation

In this section we assume tha all the vector spaces are real

Theorem 7.4.1. Let Q C R? be a bounded open set of class C*. Let f € H?(2) N HE(Q) and g € HL(Q).
Then there exists a unique solution u of the problem

Py — Au, (t,x) € [0,00) x
u =0, (t,x) € [0,00) x 0N

u(0.x) = f(x), x€0, (7.41)

%(O,X) = g(x), x€Q,
such that u € C([0,00), H*(Q) N HE()) N CL([0,00), HE(2)) N C?%([0, 00), L*(Q)).
Proof: Since 2 is bounded by virtue of the Poincaré inequality (Lemma (7.1.4)) we can equip the space
H}(Q) with the inner product
< U,V >p1:= / Vu - Vo dx,
Q

which is equivalent to the usual one. Therefore, (H}(Q2),<, >01) is Hilbert. Let X = H}(Q) x L*(Q)
equipped with the inner product

<u,v>x= / Vui - Vo dx—|—/ ug vy dX,
Q Q
where u = (ug,u2) and v = (v, v2) are in X = H}(Q) x L2(2). Again, it is direct that (X, <, >) is Hilbert.

If we set v = %7 then the wave equation (7.4.1) can be rewritten as a system of partial differential equations
for the pair (u,v)

% = v, (t,x) € [0,00) x Q
S = Au, (t,x) € [0,00) x Q
u =0, (t,x) € [0,00) x 00

u(0,x) = f(x), x€Q,

v(0,x) = g(x), x€Q,
With these in mind, the above partial differential equation can be rewritten as an abstract Cauchy prob-
lem, i.e an ordinary differential equation in a Hilbert space of the form

{ u'(t) = Au(t), t>0
u(0) = (f,9),

where

Au = (v,Au),u= (u,v) € D(A)

We will show that the conditions of the Lumer-Phillips Theorem (2.5.2) are satisfied, thus A is the in-
finitesimal generator of a semigroup of contractions on X. Finally the desired result will be direct from
Remark (1.4.3). It is clear that A is densely defined. Furthermore,

First step: A is dissipative. Indeed by Green’s formula (Cor (7.1.2)), for each u = (u,v) € D(A) =
(H%(Q) N HE(2)) x HE () we have

{ D(A) = (H*(Q) N H; () x Hy(Q) € X = Hy(Q) x L*(9),

<Au,u>X:/VU'Vudx+/Au~vdx:0.
Q Q

Second step: I — A is surjective. Let h = (hy,hs) € X = H}(Q) x L*(Q). Consider the equation
(I—A)u=h,ie
u—v="mh v— Au = hg

we H*(Q)NHYQ) ve  Hy(Q).

Adding two equations we get
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and as hy + hy € L?(2), there exists a unique u € H?(Q) N H(Q) satisfying (7.4.2) by the existence and
regularity results we studied in the two previous sections. Then v = u — hy € H}(Q) exists. Thus we have
shown that I — A is surjective.

Therefore, by the Lumer-Phillips Theorem we deduce that A generates a Cy-semigroup of contractions. And
by Remark (1.4.3) we deduce that if ug = (f,g) € D(A) = (H*(Q) N HL(Q)) x H} (), then we get that there
exists a unique solution [0,00) 5 t — u(t) = (u(t),v(t)) € X to the evolution equation

u'(t) = Au, u(0) =y
and  satisfies u € C([0, 00), H2(Q) N HL(Q)) N CL([0, 00), HA(Q)) N C2([0, 00), LX(Q)).

Remark 7.4.1. In fact arguing as before we deduce that —A satisfies the conditions of Lumer-Phillips
Theorem (2.5.2) as well. In other words A satisfies the condition of the celebrated Stone’s generation The-
orem (see Theorem (4.5.4) in Kesavan [KS I]). This implies that A and —A generate a group of isometries.
Based on this, we can extend the previous Theorem (see (4.7.1) in Kesavan [KS I]. Specifically, we can show
that under the assumptions of Theorem (7.4.1), for the unique solution u we have that for every e > 0,

u € C([e,00) x Q).

7.5 Stochastic heat equation with additive space-time white noise

Let U = H = L?(V), where V C R" is a bounded domain with sufficiently smooth boundary V. We
consider the following problem

B X(4E) = AX (8 € dt+dW(t,€) t>0, E€V
X(t,€) =0 t>0, €OV (7.5.1)
X(0,6) = 0, EevV

where A¢(t,8) = Yoo 8‘9;2)((75,5) is the spatial Laplace operator. We write the problem (7.5.1) in the

abstract form
dX(t) = AX(t)dt + dW(t), t>0
X(0) = 0, )
where
D(A) = H*(V)N Hy(V) C L*(V),
A =A¢, ,

U=H=1L*V), f=0and B = 1. Consider the case Tr(Q) < co. Based on Theorem (6.0.5) in order
to conclude that the problem (7.5.1) admits a unique weak solution given by the stochastic convolution

Wa, () fo (t — s) dW(s), where S(-) is the Cy- semigroup of contraction generated by A = Ag, it is
enough to show that

/ 15(s) 25 ds = / Tr{S(s)QS" (s)} ds < 0o (7.5.2)
0 0

Indeed if (e,,), is an orthonormal basis for L?(V), then

t t 2 t 2
JAECIZREEY A ECCS RS 9 ECEE

L2(V)
t ) 0 / 2 t & / 2
< S(s H Q' %e, ds S/ HQl %en
J 156 azen 3 ey P52 v

Thus, when Tr(Q) < oo, there exists a weak solution in any spatial dimension.
Next we consider the case @ = I. It is well known that we can represent the trajectories of the semigroup
S(+) which is generated by A by

ds

ds =t Tr(Q) < co.

S(t)yv = e U*Ze i (y v, P;) b,
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where (1;, ;)52 are the eigenpairs of A¢. The set of the eigenvectors (¢;); is an orthonormal basis for L2(V)
and for the eigenvalues it holds that

:2/n

0<pr <po<-+<p; <oy pj=j¥" —o00asj— oo. (7.5.3)

The semigroup is analytic and, in particular, by a simple calculation using Parseval’s identity we have

T
|z ar - /}]wz%v%>&<ﬂﬂ2 (7.5.4)

0
Thus by (7.5.4) we have
T T B
| IS©@ 2 ay e = [ 1 4Q gy
T
:/ ZHetAQl/Qek”2dt
— Z/ 1/2 tA( )71/2Q1/26k”2 dt
0

_ 1 _
5 Z [(—A)"2Q ey ||* = §||(—A) VRQM2|% Levy-
%

\ /\

Thus (7.5.2) holds if
H(—A)fl/QQl/QHBQ(m(V)) < 00. (7.5.5)

Then using (7.5.3) we get

2 oo o0
1(=A) " 2QY2(13, ey = H —(A)12 HHS =St~ SR
k=1 k=1

This is finite if and only if n = 1. Thus white noise is too irregular in higher spatial dimensions.



Appendix A

Basic tools from analysis

A.1 Nuclear and Hilbert-Schmidt Operators

Consider two separable real Hilbert spaces (U, <,>y), (H,<, >g). Let {e,}o2, C U and {f,}32, C H
be orthonormal bases for U and H respectively. In this section we will examine two special spaces of linear
operators in B(U, H), the nuclear operators and Hilbert-Schmidt operators.

Definition A.1.1. For T € B(U) we say that T is positive if-f T is self-adjoint positive semi-definite, that
s T =T and < Tu,u >> 0, for all uw € U. In this case we denote T > 0.

Definition A.1.2. An operator T € B(U,H) is said to be nuclear operator if-f there exist sequences
{an}so, C U, {b,}32, C H such that > 02 | || an || || by || < 0o and

Tf=Y </fan>b,, foral feU.
n=1

In this case we write T € B, (U, H).
Proposition A.1.1. The space of nuclear operators By(U, H) equipped with the norm
1T |5, oy = 0D Nlan [ [bnll = Tf =D < fran>by, Vf €U}
n=1 n=1
is a Banach space.

Remark A.1.1. A nuclear operator T' € B;(U, H) is compact, since by Definition (A.1.2) it can be approx-
imated by operators of finite rank.

Proposition A.1.2. Let U, H. K be separable Hilbert spaces. Then the following assertions hold

(i) If T € B1(U,H) and S1 € B(H,K), then S1T € B1(U,K) and || S1T ||y < | T ||, || S1 |-

(ii) If T € B(U,H) and Sy € B1(H, K), then SoT € B1(U,K) and || SoT ||, < || T|| || S2 |-
Proof: The proof is simple and is omitted.

Lemma A.1.1. Let T € B1(U) and let {e,}52, C U be an orthonormal basis for U. Then the trace of T
Tr(T) = Z <Tep, e, >
n=1

exists and does not depend on the choice of the orthonormal basis.

Proof: Since T' € B;(U), there exist sequences {a, }>2; C U and {b,}22; C U suchthat >~ [[an || || b | <
oo and

oo
< Tey, e >= Z < e, by >< aj,ep > .

Jj=1

109
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Therefore,

oo (oo} o0

I <Terer>| < D> [ <exbj ><aje>|

k=1 k=1j=1

1 1
o0 o0 2 oo 2
< Z <Z<ek’bj>|2> <Z<aj,ek>|2>

j=1 k=1 k=1

oo
= D llai b1l < oo
j=1

Therefore, the series converges absolutely. Moreover, by Fubini’s Theorem we have

oo oo oo
Z<T€k’ek >= ZZ<€k7bj ><aj, e >
k=1 k=1j—1

Tr(T)

o0
= <€k,bj >< aj, ek >:Z<aj7bj >,
j=1k=1 j=1

which is independent of the choice of the orthonormal basis.

Corollary A.1.1. If T € B1(U), then Tr(T) < || T|;.

Proposition A.1.3. If T € By(U) and S € B(U), then ST, TS € By(U) and Tr(TS) = Tr(ST) <
1T 1S

Proof: Let {a,}52, C U, {b,}52, C U such that > 2 [|an ||| by || < ocoand Tf = >0, < f.an >
by, forall f € U. Then, STf = Y07, < f,an > Sby,, forall f € U and TSf = > 7", < f,S*a, >

by, for all f € U. Therefore, Tr(ST) => 7", < an,Sb, >=> "7, < S*ay, b, >=Tr(TS).

Proposition A.1.4. Let T € B(U), T > 0. Then T is nuclear if and only if for an orthonormal basis
{en}52 in U the trace Tr(T) =Y 7", < Ten, e, > < 00 converges.
In this case Tr(T) = || T || g, 1r)-

Proof: See Da Prato [DP I] Proposition C.3.
Definition A.1.3. An operator T € B(U, H) is said to be Hilbert-Schmidt if-f

[e%S)
Y I Ten|* < oo,
n=1

for an orthonormal basis {e,}521 of U. In this case we write T € B2(U, H).

Remark A.1.2. If T € By(U, H) then the sum > -, || Te,, |* is independent of the choice of the orthonor-
mal basis. Indeed, if {f,}52 is an orthonormal basis for H, then

> Ten|? YD oI <Tew fu> |
n=1

n=1k=1
0o 0o 0o

= D2l T > P =3 IT Sl
k=1n=1 k=1

Proposition A.1.5. Let U, H be two separable Hilbert spaces with orthonormal bases {en}22, and {fn}5>,
respectively. The space Bo(U, H) of Hilbert-Schmidt operators, equipped with the inner product

<T,S >By(U,H)-= Z <Te,,Se, >y

n=1

which induces the norm

1
e’} 2
HTHBZ(U,H) = (E | Ten |H>
n=1

is a separable Hilbert space. More specifically, the set {f; @ er}jren consists an orthonormal basis for

By(U, H).
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Proof: First of all we will show the completeness. Let {T,,}5%, C B2(U, H) be a Cauchy sequence in
By(U,H). Then, since || T < [T |5, p.m), it is direct that {T),}72; is also Cauchy in the Banach space
B(U, H). Therefore, there exists T € B(U, H) such that

nlggo |Tn =T HB(U,H) =0.

Fix an € > 0 and choose a ng € N such that for all positive integers m,n > nog, || T — T ||2BQ(U7H) < . Then
by Fatou’s lemma for each n > ng, we get

o
2 2
1T =Ty = DN (Tu =T
k=1
- . B 2
= 3 i T~ T

. . 2
< _
< li,ﬁililof kg_l | (T — Tom)er ||

. . 2
= lminf |7, — T [, ) <&

So, we have shown that lim, e || Tn =T | g,y = 0 and T' € By(U, H). We will continue with the
separability of By(U, H). To this aim we will show that {f; ® ex}; ren is countable orthonormal basis for
By (U, H). 1t is easy to see that for each j, k € N the rank one operator f; ® ey, defined by (f; ®er)(u) = f; <
u,ep >,u € U belongs to By(U, H) and || f; @ ek || g, (7 ) = 1. Moreover, for each T' € B (U, H) we have

< fj 024 €k7T >BQ(U,H): Z < fj,Ten > e, bp >=< fj,Tek > .
n=1
From the last one observation, we deduce that
< fi ®@ex, fi ® em >pyw,m= 0,
when j # [ or k # m. Therefore the system {f; ® ey} ren is orthonormal. Moreover if T' € By(U, H) such
that < f; ® e, T >p,w,m)y= 0 for all j,k € N, then < f;,Te, >= 0, for all j,k € N. Since {f,};2, is an
orthonormal basis for H, we get that Te, = 0, for all £k € N, thus T' = 0.
Proposition A.1.6. T' € By(U, H) if and only if T* € By(H,U) and in this case || T || g, 1y = | T | g, (11,07 -
Proposition A.1.7. IfT' € Bo(U, H), then | T || gy < | T'[|,-

Proof: Let {f,}52,; be an orthonormal basis for H, then for all f € U we have

ITFIP =Y <Tffo>P =D |<f,T 0>
n=1 n=1

2 * 2 2| k(12 2 2
<IAP DN ful® = WA T Wiy = 1IN T 5, 0y -

n=1

Therefore, | T || g,y < 1T M| gy 17,11 -

Proposition A.1.8. IfT € By(U, H) and S € B(U), thenTS € By(U,H) and | T'S || g, v,y < | T | gy o,y 1S -
If T € BU,H) and S € By(U), then TS € Bo(U,H) and | TS| g, iy < I T I 1S, ,81)-

Proof: It is a matter of simple computations.

Proposition A.1.9. Let E,F,G be separable Hilbert spaces. If T € Bo(E,F) and S € By(F,G), then
ST € B\(E,G) and || ST ||, < [ Sl [ T[],
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Proof: Let {f,}22; be an orthonormal basis for F'. Then, for each x € E we have

STa:S(i <Tz, fn >fn) :i <z, T*f, > Sfn.

n=1 n=1

Therefore,

1ST Iy <> T fu Il S ll < <Z ||T*fn|2> (Z [ an|2>
n=1

n=1 n=1
=T IS We = 1Tl 1151l -

Corollary A.1.2. T € By(U,H) if and only if TT* € B1(H) if and only if T*T € B1(U). In this case,
1T 5y 0.0y = Tr(TT*) = Tr(T*T).

Proof: If T € By(U, H), then by Proposition (A.1.6) T* € By(H,U) and thus by Proposition (A.1.9)
TT* € B1(H) and T*T € B1(U). Moreover, if {f,}22, is an orthonormal basis in H, then

Tr(IT) =) <TT fu.fo>= Y _ITLul* = 1T I3= 1T
n=1 n=1

Conversely, if TT* € By(H), then by Lemma (A.1.1) Tr(TT*) < co. Since Tr(TT*) = > % | T* fn I* we
have that both 7" and T™ are Hilbert-Schmidt operators.

Proposition A.1.10. If @ € B({U), Q@ > 0 and Tr(Q) < oo, then there exists an orthonormal basis
{en}s, C U such that

Qen = Anen

where Ay > Ao > ... >0 and limg_ oo Ay = 0 and 0 is the only accumulation point of (A\g)r. Moreover,

oo
Qx:Z)\k<x,ek>ek, z el
k=1

Proof: This is a consequence of the Spectral Theorem for self-adjoint compact operators.

A.2 Pseudo-inverse and the Cameron-Martin space

Let U, H be two separable real Hilbert spaces. We know that an operator T € B(U,H) is 1 — 1 if and
only if Ker(T) = {0}. Therefore, the restriction T'|(xer(1y)+ is always one-to-one. Moreover, since U =
Ker(T) @ (Ker(T))*, we have that T((Ker(T))*) = T(U). This discussion drives us to the following
definition.

Definition A.2.1. Let T € B(U,H). We define the pseudo-inverse of T, still denoted by T~ by

T~ = (Tlgerrys)

The pseudo-inverse T~ is defined on T(U), so
T7':T(U) = (Ker(T))™*.

Definition A.2.2. Let Q € B(U), Q@ > 0 and let Q% be its positive square root, that is Q% > 0 and
QY2Q'Y? = Q. We define the Cameron-Martin space Uy = Q'/%(U) with inner product

o A—1)2 —1/2
< g, V0 >y =< Q Vg, Q7Y% >u, , ug,vo € Uy,

where Q=% denotes the pseudo-inverse of QY/? in case it is not one-to-one.
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Remark A.2.1. The map
QY2 (Ker(QY?)*, <, >p) = (Us, < ,>0)

is an isometric isomorphism. Therefore, the Cameron-Martin space (Up, <, >¢) is separable and Hilbert.
Moreover, if {g,}52, is an orthonormal basis of (Ker(Q/?))%, then {Q'/2g,}5%, is an orthonormal basis
for (Uo, <, >0).

Definition A.2.3. Let Q € B(U), Q > 0 and let Uy = Q'/*(U) be the Cameron-Martin space endowed with
the inner product <, >q. We define the space

LY := B2(Ugy, H)

and
B(U,H)o :={T|y,: T € B(U,H)}.

Lemma A.2.1. Let Q € B(U), Q > 0 with Tr(Q) < oo. There exists an orthonormal basis for LS =
By(Uy, H) consisting of elements of B(U, H)qy. Furthermore, B(U,H)o C LY and thus it is dense in L3.

Proof: Consider an orthonormal basis of U, consisting by the eigenvectors of (). Such a basis exists by
(A.1.10). In particular this basis is the union of an orthonormal basis {h;}7° , for Ker(Q), corresponding to
the zero eigenvalues of @) and of an orthonormal basis {gi}72, for (K er(Q))* corresponding to the positive
eigenvalues of Q. Note that Ker(Q) = Ker(Q'/?). Indeed it is direct that Ker(Q'/?) C Ker(Q). For the
inverse inclusion, observe that if z € Ker(Q), then Q'/%z € Ker(QY?) N (Ker(QY?))*, so Q/?z = 0. By
remark (A.2.1), since {g, }22, is an orthonormal basis for (Ker(Q/?))*, then {Q'/?g, }°, is an orthonormal
basis for Uy. Let {f,}5%; be an orthonormal basis for H. Then by Proposition (A.1.5), {f; ® Q'/%gr}, ren is
an orthonormal basis for L) = By(Up, H). It is easy to prove that these operators are elements of B(U, H)o
as well. Indeed, for all © € Uy we have

| e 20w | = | £ < @ 2gu >,

1
fj<gk7zi<uagk>gk>U

A >0 >\k

[ <me ], -|

1
This proves the first statement. For the second statement, since Tr(Q) < oo, by proposition (A.1.4) we have
that Q € B1(U). Thus, by Corollary (A.1.2) Q'/2 € By(U). Now, if T € B(U, H)o, by Proposition (A.1.8)
TQ'Y? € By(U, H). Combining all these, we get

> 2
IT I =Y || 7@ |
k=1

2 2

<N Wy || @2

< 0.
B3 (U)

e 2 e 2
=X || 7@t + X | re e < || e
k=1 k=1

Thus, B(U, H)o C L3

B> (U,H)

A.3 Calculus of Banach space valued functions

A.3.1 Differentiation of Banach space valued functions

Definition A.3.1. Let (X, | ||x) be a normed space, (a,b) C R™ an open interval, f : (a,b) — X a function
and to € (a,b) a point. The function f is said to be differentiable at ty if-f the limit

lim f(to+h) — f(to)
h—0 h

exists in X. In this case, the value of the above limit is denoted by f'(to) and is called the derivative of f at
to.
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Remark A.3.1. In the same manner, we can define the right derivative (left derivative) of f at a point
to, assuming that the function is defined in an interval of the form [tg,to + h)((to — h, to]), for some h > 0.

Remark A.3.2. A lot of standard results in differential calculus of scalar valued functions, remain valid in
the case of Banach space valued functions. We will now examine some cases which will be useful in the next
sections.

Proposition A.3.1. Let (X, || ||) be a normed space and f : (a,b) — X a differentiable function such that
f'(t) =0, for each t € (a,b). Then f is constant.

Proof: Let z* € X* a linear bounded functional. Consider the scalar valued function g : (a,b) — R(or
C), g(t) = xz*(f(t)), for each t € (a,b). By the linearity and continuity of *, we have that g is differentiable
and ¢'(t) = z*(f'(t)) = 0, for each t € (a,b). Thus, 2*(f(t)) = constant, for each t € (a,b), z* € X*. Now,
let ¢y € (a,b), then for each t € (a,b) we have:

[£(#) = f(to)ll = sup{z™(f(t) — f(to)) : 2" € X7, [lz7]| <1} =0

Proposition A.3.2. Let (X,| ||y) be a normed space and f : (a,b) = X a differentiable function at a point
to € (a,b). Then f is continuous at to.

Remark A.3.3. In contrast to the two previous results, the Mean Value theorem is not true in general
for Banach space valued functions. To this end, consider the vector valued function f : [0,7/2] — R?
f(t) = (sint,cost). Then, || (b—a)f'(t) |, = 7/2, for each t € (a,b), while || f(b) — f(a) ||, = V2.

A.3.2 Riemann integral of Banach space valued functions

Definition A.3.2. Let (X, || ||) be a normed space, f : [a,b] = X a function,
={a=ty <ty <...<ty=0>}, apartition of [a,D]

E={&Y ) Cla,b], such that:a =ty <& <t <...<&_ 1<t =b.

We define the real number:
A(j) = max{ti+1—ti OSZSk—l}

and the element of X :

S(J.E f) = Zf@ tivs —t;).

The function f is said to be Riemann integrable if-f the limit lim,,— oo S(Tn, En, f) exists in X, for each
sequence of pairs ((Jn, En))nen such that lim, o A(J,) = 0 and is independent of the choice of the sequence.

In this case, the limit lim, oo S(Tn, Zn, f) is called the Riemann integral of f and is denoted by f; f(@)dt

Theorem A.3.1. Let (X, || ||y) be a Banach space and f : (a,b) — X a function. If f is continuous, then
it 1s also Riemann integrable.

Proof: Let ((Jn,Zn))nen be a sequence as in Definition (A.3.2), with lim, ., A(J,) = 0. We will show
that the sequence (S(Jn,Zn, f))22; C X is Cauchy, thus convergent, since X is Banach. Let & > 0. The
function f is uniformly continuous in [a, b], since it is continuous and [a, b] is compact. So, there is a § > 0
such that:

lf(s) = f@®)] <e/2(b—a), for all st € [a,b], with |s —t] < 4.

Consider now the pairs (7,Z), J = {t;}f_y, E = {&} ), A(T) < 6, where J, E are
as in definition and (J,Z'), J' = {t|}},, & = {5»}5;01, A(J") < 8, where J', =

are as in definition. Observe that for the pair (J”,2"), where 7" = JUJ', J" = {t!/}}",, 2" = {t;’}f;o_l,
we have that £ <k + k' — 2 and A(J”) < 4. In addition, for i =0,1,...,k — 1 the interval [t;,¢;11], either
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coincides with some [t7,,#/ ], or it is a finite union of intervals, i.e [t;,t;1] = [t} , ] 1 JU.. U] ) t7 0],
for some positive integer [. Therefore,we have:
l
||f(§l H‘l - t Z f jHrm j1+m+l t]lmtm)H = H Z j +m)][t9/i+m+l - t;/Hrm]H
m=0
< (ti+1 —t;) ’
2(b—a)
since &;, 17, 1, € [ti,tiy1], for each m =0,1...,1,s0 [§; — 7 .| <J. Summing over i we get:
€
ST, =, f)—S(IJ", 2", < b—a)=¢/2.
I1S(7.2.1) = ST ") < gy (b= ) =</

Similarly, we have:

IS(T" 2, f) = S(T"EY, Ol <e/2.

Therefore:

||S(~7757f)_5( ,»—, )H<€ (A.3.1)

for each (J,2), (J',Z') such that Z, Z’ are as in definition and A(J), A(J') < §. This leads us to the
observation that (S(Jn,Zn, f))n is Cauchy and that the limit lim, o, S(Jp, Zn, f) is independent of the
choice of the sequence, as desired.

Remark A.3.4. The previous theorem reveals the important role that completeness of Banach spaces plays
to the Riemann integration of Banach space valued functions.

Proposition A.3.3. Let (X,| ||yx) be a Banach space, f,g : [a,b] = X Riemann integrable functions and
A, K scalars. Then, A\f + kg is Riemann integrable and

b

/ab(/\f + kg)dz = )\/ab f(z)dx + Ii/ g(x)dx

a

Proof: For every sequence ((Jn,Zn))nen as in Definition (A.3.2), such that lim A(J7,) = 0, we have:
n—roo

S(Tn, Zny Af + kg) = AS(Tny By f) + £S5 (Tny Ens g), for each n € N
Since f, g are Riemman integrable, it is enough to take the limits as n — oo in the last identity.

Proposition A.3.4. Let (X, | || ) be a Banach space and f : (a,b) = X a continuous function. Then,

/ foat| < / s ) de

Proof: First of all, observe that the real valued function ||f|| is integrable, since it is continuous. Let
((Jns En))nen be a sequence as in Definition (A.3.2), such that lim A(J,) = 0. Then, we can easily derive
n—oo

that:

19(TnsEns /1| < 5(Tn, En, | 1)), for each n € N.

By integrability of f and || f|| and continuity of the norm || ||, taking the limits as n — oo, we have the desired
result.

Theorem A.3.2. Let (X,| ||y) be a normed space, f : [a,b] = X a continuous function and a fized point
x € X. Consider the function F : [a,b] = X,

t):x—&-/:f(s) ds

Then F is differentiable and F'(t) = f(t), for all t € [a, b)].
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Proof: Let ty € [a,b]. Without loss of generality, we assume that ¢y is an interior point of [a,b]. Let
€ > 0. From continuity of f at ¢y, there is § > 0 such that:

If(t) — f(to)]] < e, for eacht € [a,b], with |t — to| < 0.

Therefore, for each 0 < h < § we have:

_ to+h to
|FlotB= ) i, ::iWA Fo)ds = [ 1) ds = o)
to+h
- HA; (F(3) — £(10)) ds
to+h
< ;L; 1£(s) — Flto)] ds < e. (A3.2)

Similarly, we can show that for —§ < h < 0 we have again that:

H F(to+ hlz —F(to) f(to)H e

This means that the last inequality is valid for all 0 < || < §, which completes the proof.

Corollary A.3.1. Let (X,|| ||x) be a normed space and f : [a,b] = X a function. Then, f € C*([a,b]) if
and only if there exists a continuous function ¢ : [a,b] — X, such that:

f@®) = f(a) —|—/ ¢(s) ds , for each t € [a,]] (A.3.3)

Proof: Suppose that f € C1([a,b]) and consider the function,

)= £(0) - @) = [ F(s) ds. v € [ant)

By virtue of Theorem (A.3.2), the function z is differentiable in [a, b] and 2'(t) = 0, for each ¢ € [a, b]. Now, by
virtue of Proposition (A.3.1), z(t) = z(a) = 0, for each ¢ € [a,b]. The converse is direct from Theorem (A.3.2)

Corollary A.3.2. Let (X, || ||x) be a normed space, f : [a,b] = X a continuously differentiable function in
[a,b]. Then,

b
[ 1) ds =10 - f@ (A.3.4)

Proof: Consider the function, F(t) = f(t) — ft f'(s) ds, t € [a,b]. Then, as in the proof of Corol-

a

lary (A.3.1), we have that F is constant in [a, b]. Therefore F'(a) = F(b) and the proof is complete.

Theorem A.3.3 (Uniform Convergence Theorem). Let (X, || || ) be a normed space, fy : [a,b] = X, n € N,
a sequence of continuous functions and f : [a,b] = X a function. If f, — [ uniformly as n — oo, then:

n—oo

b b
lim fu(s) ds =/ f(s) ds.

Proof: Since the convergence is uniform and (f,), is a sequence of continuous functions, the limit f is
also a continuous function, thus Riemann integrable. Moreover, we have:

bfn(s) ds — bf(s) ds
|[#0r0s-

b

[fn(s) = ()l ds

IN

< (b—a) sup [|[fuls) — F(s)l| =0, asn— oo
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Remark A.3.5. We remind you that if (X, || ||y) is a Banach space, then the space B(X) equipped with
the operation of composition of two functions is a Banach algebra. Moreover, if (T},)n, (Sn)n are sequences
in B(X), such that lim,, o T, = T and lim, o Sp, = S, then lim, o SpT, = ST, which means that the
operation of multiplication is continuous. To see this note that (|| T}, ||)» is bounded since (T3, )y, is convergent
and for each n € N we have,

| SnT = ST || < || SaTn — ST || + || ST, — ST || S(Sg§|‘Tn||)||Sn_S||+HS” 1T, =T

Proposition A.3.5. Let (X,*) be a Banach algebra, f : [a,b] — X a Riemann integrable function and a
fized point ¢ € X. Then cx f and f xc are Riemann integrable functions and it holds that:

c*/abf(s) ds:/abc*f(s) ds

Vabf(s) ds]*c:/abf(s)*cds

Proof: For every sequence ((Jn,Zn))nen as in Definition (A.3.2), such that lim A(J,) =0, we have:

n— oo

c* S(TnyEn, ) = S(Tn,En,cx f), for each n € N
S(TnsEn, [) * = S(Tn, Zn, f xc), for each n € N

Since f is Riemman integrable and ” x” is a continuous function, it is enough to take the limits as n — oco.

A.4 Closed Linear Operators

Definition A.4.1. A linear operator A : X D D(A) — X, on a Banach space (X,|| ||) (where D(A) is a
linear subspace) is said to be closed if-f for each sequence {x,}52, C D(A), such that:

lim z, =2z € X and lim Az, =y € X,
n— oo

n— oo

it holds that:
x € D(A) and y = Ax.

Proposition A.4.1. Let A: X D D(A) — X be a linear operator on a Banach space (X, || ||x). Then, A is
closed if and only if the graph of A:
Ga={(z,y) e X x X :2 € D(A), y = Ax}
s a closed subset in X x X.
Proof: The proof is direct from the definition of a closed set via sequences.
Remark A.4.1. It is clear that every T' € B(X) is closed. The inverse statement is not always true.

Example A.4.1. Consider the Banach space (C([0,1]),]| ||.,) of continuous complex functions in [0, 1],
endowed with the supremum norm and its linear subspace D(A) = C'([0,1]) C C([0,1]) of continuously
differentiable functions. We define the linear operator A : X D D(A) — X , Ax = 2’. We claim that A is
not bounded. To this end, consider the sequence {z,,}°°; C C*([0,1]), zn(t) =t", 0 <t <1, n € N. Then,
| zn |l =1 and || Az, ||, = n, for each n € N. On the other hand, it is easy to verify that A is closed. For
this, suppose that {z,,}5°; C D(A) is a sequence such that: lim, o, 2, = ¢ € X and lim,_,, Az, =y € X.
Equivalently x,, — 2 uniformly and !, — y, uniformly. Thus, = € C1([0,1]) and y = 2/, as desired.

Proposition A.4.2. Let A: X D D(A) — X be a closed linear operator, where X is Banach space and let
[a,b] >t — x4 € D(A) be a Riemann integrable function. If the function [a,b] 5 t — Az, € X is Riemann
integrable, then:

b
/ zs ds € D(A)

b b
A/ zsds:/ Az ds

and
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Proof: Let ((Jn,Zn))nen be a sequence as in definition (A.3.2), such that lim A(J,) = 0. Observe that
n— oo
the the sequence (S(Jn,En, )52, is in D(A), since D(A) is a linear space. In addition,

A(S(Tn, En,x)) = S(Tn, En, Azx), for each n € N.

Since the functions ¢ — z; and ¢t — Ax; are Riemann integrable, we have:

b b
lim S(Jn, Zn, ) :/ xs ds and lim S(J,,E,, Az) :/ Az, ds.

n—roo n—r oo
Now, the closedness of A implies the desired results.

Proposition A.4.3. Let A: X D D(A) — X be a linear operator, where X is a Banach space. We define
the norm
I[la:D(A) = [0,00), 2lly=1lzlx+[Az]x.

Then, A is closed if and only if (D(A),| || 4) is Banach.

Proof:

” =7 Assume that A is closed and (z,,), is a Cauchy sequence in (D(A), || || 4). Then, since ||z |y < [z 4
and || Az ||y < || z]l,4, for all z € D(A), we conclude that (z,), and (Az,), are || || y-Cauchy. From
completeness of (X, || || ) and closedness of A, there is € D(A) such that: lim ||z, — 2|y =0 and

n—oo

lim || Az, — Az ||y = 0. This implies that lim |z, — x|, = 0.
n—o0 n— oo

” <=7 Consider a sequence (), in D(A) such that the sequences (z,), and (Azy), are || || y-convergent,

0 || || x-Cauchy. Then, (z,)y is || || ,-Cauchy. Completeness of (D(A), || || 4) implies that there is a

x € D(A) such that lim |z, —z|, =0. Thus, lim ||z, —z|y = 0and lim || Az, — Az|y =0,
n—o0 n— 00 n— 00

since [|zp, =[x < |20 — 2|4 and [| Az, — Az ||y <|[[zn =],

Proposition A.4.4. Let A: X D D(A) — X be a closed linear operator, where X is a Banach space. If A
is 1 — 1, we can define the linear operator:

A7':R(A) = D(A), Aly=x < Az =1y, forx € D(A), y € R(A).
Then, A1 is also closed.

Proof: Let {y,}52, C rg(A) be a sequence such that: lim, ,oo ¥, =y € X and lim,, yoo A" (y,) = 2 € X.
Set x, = A~y,, n € N. Then, {,}5, C D(4), lim, yoo z, = v € X and lim, o, Az, = y € X. The
closedness of A implies that € D(A) and y = Az. Equivalently y € rg(A) and A~'y = 2. Therefore, A~!
is closed.

Corollary A.4.1. Let A: X D D(A) — X be a linear closed operator, where X is a Banach space. If A is
bijective then A=1 € B(X).

Proof: By virtue of proposition (A.4.4), A=' : X — X is closed. Now, by virtue of Proposition (A.4.1)
and the Closed graph theorem, we conclude that A~! is bounded.

Proposition A.4.5. Let A : X D D(A) — X be a closed linear operator and B € B(X), where X is a
Banach space. Then, C : D(A) — X, C = A+ B is a closed linear operator.

Proof: Let {z,}52,; C D(A) be a sequence such that: lim, ,z, =2 € X and lim,_,o Cz, =y € X.
Then, lim,,~ Az, =y — Bz, thus by closedness of A, z € D(A) and y — Bx = Az & y = Cux.

Corollary A.4.2. Let A: X D D(A) — X be a linear operator. Then A is closed if and only if there exists
A € R such that NXIx — A is closed.
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Proof: This is a consequence of Proposition (A.4.5) and of the equivalence: A is closed if and only if -A
is closed.

Definition A.4.2. Let A: X D D(A) — X be a closed linear operator, where X is a Banach space. A linear
subspace D C D(A) is said to be a core of A if-f for each x € D(A), there exists {x,}52; C D such that:
T, = x and Ax, — Az, as n — oo.

Remark A.4.2. It is obvious that if D is a core of a closed linear operator A, then D is dense in D(A) and
A(D) is dense in rg(A).

Proposition A.4.6. Let A : X D D(A) — X be a closed linear operator, where X is a Banach space.
Assume that there exists ¢ > 0 such that:

|Az|| > cllz||, for each x € D(A).

If a linear subspace D C D(A) has the property: A(D) is dense in rg(A), then D is a core of A.

Proof: A(D) isdensein rg(A). Thus, for each z € D(A), there exists (2, ), in D such that: lim,_, . Az, =
Az. Now,

1
|zp, —x|| < —||Az,, — Az || = 0, as n — oo,
¢
which competes the proof.

Remark A.4.3. It is clear that a dense linear subspace is always a core of a bounded linear operator. More
generally, the following statement is true.

Proposition A.4.7. Let A: X D D(A) — X be a closed linear operator, where X is a Banach space. A
linear subspace D C D(A) is a core of A if and only if D is dense in (D(A), || || 4)-

A.5 Inverses of Operators

Definition A.5.1. Let (X,| ||x).(Y.] |ly) be two normed spaces and T € B(X,Y). We say that T is
invertible if-f there is L € B(Y, X), such that TL = Iy and LT = Ix. Equivalently, TLy =y , for each y €
Y and LTz = x , for each x € X.

Remark A.5.1. When the bounded operator L exists, then it coincides with the linear transformation 7-1.
Indeed, it is easy to verify that if the conditions of Definition (A.5.1) are satisfied, then T is bijective, thus
L = T~ and this is the unique operator with these properties. The inverse statement does not always hold.
This means, that it is possible the inverse transformation 7! to exist, but not to be bounded. Moreover, in
the case where X and Y are both Banach spaces, then the open mapping theorem ensures us that 7' € B(X,Y)
is invertible if and only if T is bijective.

Theorem A.5.1. Let (X, |[x) be a Banach space and A € B(X). If | A|[5(x) <1, then:
1. The operator I — A is invertible.

1
2. 1= All < a7

3. (I—A)1=3 An

n=0

Proof: The sequence of partial sums (Sy,),, where S, = >"/'_ Ak n € N, is Cauchy in the Banach space
B(X), thus convergent. Indeed, for positive integers m > n we have:

m m
1S = Sm || = oA < Y JJAIF >0, asnm — oo,
k=n+1 k=n+1

because > o~ | || A]|" < oo, since || A|| < 1.
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Moreover, it is to verify that >~ ; A™ is a linear bounded operator (as expected) and that || Y07 ; A™ || B(x) S

ﬁ. For the last one, observe that for each x € X:

o0

- 1
A'x < Al T = ||z
RZ:O . = RZZO ” HB(X) H HX 1 — ” A HB(X) H ||X
In addition, we have:
(I —A)S, —I|=|I-A""—T|=]|4a""] < A" =0, asn — oo,

again because || A || < 1.
Therefore,
(I —A) Z%A = lim (I - A)S, =1

Similarly, we can show that
AT -A) =T
n=0

. This means, that I — A is invertible and (I — A)~t =°7 A"

n=0

A.6 The Banach-Steinhaus Theorem

Lemma A.6.1. Let X be a Banach space, (1), a sequence of positive real numbers suchlhat lim,, 4007, =0
and (x,)n @ sequence of elements of X. If the sequence of sets (By)n, where B, = B(z,,r,),n € N is
decreasing, i.e Bpy1 C B, for alln € N, then (,—, By, # 0.

Proof: The sequence (x,,), is Cauchy in X. Indeed, for positive integers m > n we have: ||z, — ., || < .
By completeness of X, there exists x € X: limy, o x, = . We will show that = € ﬂff:l B,,. To this end,
observe that for n € N it holds that {zn}n>n C B, and B, is closed. Thus z = limy xy € B,, for each
n € N.

Definition A.6.1. Let (X, | [|x) be a normed space. A subest S C X is said to be nowhere dense if-f its
closure S does not contain any open ball.

Proposition A.6.1. Let (X,| ||y) be a normed space and S C X. If S is nowhere dense, then each open
ball B in X contains an open ball B’ such that: B'(\S = 0.

Proof: Suppose that there exists an open ball B such that: B[S # (), for each open ball B’ C B.
We will show that B C S which leads us to a contradiction. Let z € B. There exists n € N such that:
B(x, %) C B, because B is open. By our assumption, for each N > n: B(x, %) S # 0. Thus, for each
N > n we can choose zy € B(x, %) N S. Thus, we can conclude that x = limy zy € S.

Theorem A.6.1 (Baire’s Category Theorem). Let (X, | || ) be a Banach space. Then X cannot be repre-
sented as a countable union of nowhere dense sets.

Proof: Suppose that X can be written as: X = (J,2; S,, where (S,), is a sequence of nowhere dense
sets. Let B(0, 1) be the unitary open ball in X. Since S is nowhere dense, by virtue of Proposition (A.6.1),
we can choose an open ball By = B(z1,r1) such that:

ry < =, B(xy1,71) C B(0,1) and P(xl,rl)mSl — 0.

N | =

Generally having found an open ball B,,, we can choose an open ball By,11 = B(Zp41,7n+1) such that:

1 _ _
Tn+1 < m s B(l‘n+17’l"n+1) C Bn and B(l‘n+17’l"n+1) nSn+1 = @
Now, the sequences (7y,)n, (Tn)n and (B,),, satisfy the conditions of Lemma (A.6.1), so there exists x €
Mo~ Bn. But then, z € ()2, (S,) = 0, which is impossible.

n=1
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Theorem A.6.2 (Banach-Steinhauss Theorem). Let (X, || ||x) be a Banach space (Y, || |ly-) a normed space
and (A;)ier a family of linear bounded operators from X into Y (i.e {A;}ier C B(X,Y)).
If for each x € X :

sup || Aiz ||y < oo,

iel

then
sup || A; || g(x,yy < o0
el

Proof: For each n € N, we set:
Sp={r e X : | Aiz|y <n  foreachie I}.

Because of continuity of operators (4;);cr, it is easy to verify that S, is closed, for each n € N. In addition,
by our assumption it follows that
o]
X = S

n=1
By virtue of the Baire’s Category Theorem (A.6.1), there exists ng € N such that S, is not nowhere
dense. This means that there exists an open ball B(z,r) in X such that: B(x,r) C Sn, = B(z,7) C Sy,.
Consider y € X, y #0x and set z = x + m;g Observe that x,z € B(x,r) C Syp,. Therefore, for each i € I
we have:

I Asy |
;

W
T

Iyl Iyl
— || Aiz || + | Aizx ||

<
r r
27”&0
< —yl-
T

This means that: 5
IA; ] < —no, for each i e I.
r

Remark A.6.1. If the conditions of the Banach Steinhauss Theorem are satisfied, then the conclusion is
equivalent to the following statement: There exists K > 0 such that:

|Aiz|y < K| x|y, foreachx € X i€ I.

Corollary A.6.1. Let (X, || ||yx) be a Banach space, (Y,| |ly) a normed space and (An)nen a sequence of
linear bounded operators from X into Y. If for each x € X, the limit lim,_,, A,z exists, then the operator:

A: X —-Y Ax= lim A,z,

n— oo

is linear and bounded.

Proof: It is easy to verify the linearity of A. Moreover, for each € X the sequence (|| A, ||),, is bounded
in R. By virtue of the Banach-Steinhauss theorem (A.6.2) and Remark (A.6.1), there exists k& > 0 such that:
| Anz|ly <kl x|y, for eachx € X ,neN.

Now, taking the limits as n — oo and because of continuity of the norm, we get:
| Az ||, < k| x|y, for each x € X.

Thus, A € B(X,Y).
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Remark A.6.2. The above theorem is true only for linear operators. As a counterexample, consider the
sequence of continuous functions x,(t) = t*, t € [0,1]. Then, the sequence converges pointwise on [0, 1] to

the function:
(t) = 0 when0<t<1,
o 1 whent=1.

which is not continuous.

Corollary A.6.2. Let (X,| ||y) be a Banach space, (Y, || ||y) @ normed space and (A;)i>o0 a family of linear
bounded operators from X into Y. If for each x € X the limit lim;_,o A;x exists, then there exists 6 > 0 such
that:

sup || A || < oc.
0<t<s

Proof: Suppose that for each § > 0: supo<i<s || A¢ || = co. Then, if § > 0, for each M € R there exists
to € [0,0] such that: || Ay, || > M. Therefore, for n € N, there exists t,, € [0, 1] such that: || 4;, | > n. On
the other hand, observe that for each x € X:

lim A; z = lim A;x < oo.
n—o00 t—0

Thus, for each x € X:
sup || A, x| < 0.
neN

By virtue of the Banach-Steinhauss theorem (A.6.2),

sup [| Ay, || < oo,
neN

which leads us to a contradiction.

A.7 Uniform and Strong Operator Topology

Reminder A.7.1. Let (X, || [|x), (Y| |ly-) be two Banach spaces. Consider the vector space (B(X,Y), || [ 5(x,y))
of linear bounded operators T': X — Y, equipped with the norm:

1T gx,yy =sup{ll Tz lly s 2w e X, [|z]x <1}

We already know that since Y is Banach, the same is true for B(X,Y).
In this text, we will be interested mainly in two topologies on the space B(X,Y). The one is the norm
operator or uniform topology on B(X,Y). This is the topology induced by the above norm. The second
one is called the strong operator topology on B(X,Y). This is the weakest topology on B(X,Y") such
that the functions:

E.:B(X,)Y)—=Y, E,(T)="Tx,

are continuous, for each x € X. Moreover, the strong operator topology coincides with the topology of
pointwise convergence on (X, || ||x), i.e if (7},),, are operators in B(X,Y"), then T}, converges strongly to
T if-f:

lim ||T,z —Tz|y =0, for each x € X.

n—oo

Note that due to the Banach Steinhauss Theorem (see Corolarry (A.6.1)), if (X, || || ) is Banach, a strongly
converging sequence of bounded operators is always converging to a linear bounded operator. Finally, if
Y = R(or C) the strong operator topology coincides with the weak*- topology on X*.

Remark A.7.1. It is clear that if a (7},),, converges to T" w.r.t the uniform topology, i.e
nlggo | T =T HB(X,Y) =0,
then it is also converges to T w.r.t the strong operator topology. To this end, observe that for each x € X:

[Tz =Tz |ly <[ To =T HB(X,Y) l2x -
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Therefore:
If lim || T, =T | p(x,y) =0, then Tz = (lim T},)z = lim T,z, Vo € X
n— 00 ’

n—o0 n—oo

In the same manner,

If TilTn7 then Tx(iTn)xiTnx, Vx € X.

Remark A.7.2. As we have already stated, the strong operator topology coincides with the topology
of pointwise convergence on X. Furthermore, on bounded subsets of B(X), the strong operator topology
coincides with the topology of pointwise convergence on a dense subset of X.

Proposition A.7.1. Let (X, || ||y) and (Y,|| |ly) be two Banach spaces, (T,,)n a bounded sequence in B(X,Y")
and D C X a dense subset. If (T,x)nen is Cauchy, for each x € D, then T, converges strongly to some
T € B(X,Y).

Proof: Set sup,,cy || T || = M > 0. Let z € X and € > 0. Since D is dense in X

we can choose xg € D such that: ||z —z¢ || < 357. Now, by assumption
(Thxo)nen is a Cauchy sequence in Y. Therefore, we can choose ng € N such that:

| Thxo — Tinxo || < €/3, for each n,m > ng. Thus, for each n,m > ng:

| Tz — Trx|| | T — Tinzo || + || Trnxo — Tnxo || + || Thzo — Thx ||
M|z — o || + || Tinzo — Tpwo | + M ||z — 20 |

E.

VAN VANVAN

This means that (T, z)nen is a Cauchy sequence in Y, for each z € X. Thus, it is also a convergent sequence,
since Y is Banach. An application of the Banach Steinhauss Theorem ( see Corollary (A.6.1)) ends the proof.

Proposition A.7.2. Let (X,| ||y) be a Banach space and (T,), a sequence in B(X). The following state-
ments are equivalent:

1. The sequence (Ty,)y is strongly convergent (i.e pointwise convergent on (X, | |/ x))
2. The sequence (T),)y is uniformly convergent on compact subsets in X.

Proof: For simplicity, it is enough to consider convergence to 0. If (7},), converges strongly, then by
the Banach-Steinhauss Theorem (A.6.2), M = sup,, ey || Tn || < 0o. Let K C X be a compact set and € > 0.

k
Since K C U B(xz,e/2M), we can find a finite set N. = {x1,...,zr} C X, such that K C U B(zi,e/2M).

reX i=1
This means that for each x € K, there is z; € N such that ||z — x; || < €¢/2M. By our assumption and since
N, is finite we can find a ng € N such that || T,z; || < &/2, for each n > ng and ¢ = 1,..., k. Therefore for

reK,
[Tz || < | Towi | + M|z — || <e,

for each n > ng (and ng is the same for all x € K). The converse statement is obvious.
Proposition A.7.3. Let (X, | ||y) be a Banach space and (Ty,)n, (Sn)n two sequences in B(X).
(1) If T, converges strongly to T and S, converges strongly to S, then T, S, converges strongly to T'S.

(ii) If T,, converges strognly to T, then lim, oo Thx, = Tz, for each sequence (x,)n € X which converges
to x.

Proof: We will show (i). Since (7},) converges strongly to T, from the Banach Steinhauss Theorem
(A.6.2), M =sup,en | Tn || g(x) < 0. So for each x € X we have,
| TnSne — TSz || < || TnSnx —TpSz|| + || TnSx — TSz || < M || Spx — Sz || + || TSz — TSz ||

which tends to zero as n — oo.
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