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Lecture 1

Introduction: Stochastic partial differential
equations

Some motivating examples:

Example 1: random motion of strings (Funaki, 1983)

B(X}) Xy

where
e X;:[0,1] = Risa (random) function on [0, 1] (’string’) and X;(x) denotes
its value at position = € [0, 1] (random variable (!))
e B : R — R models forcing term, B(X;(z)) models direction of some
exterior force acting on the string at position z
e time evolution of the moving string:
atXt =V 83$Xt +B(Xt) + O'atWt
diffusion noise
subject to boundary conditions:
e Neumann bdy cond: 9,X:(0) = 9, X+(1) =0
e Dirichlet bdy cond: X;(0) = X;(1) =0

Here, W; denotes a random function such that for all z € [0, 1]
t— W; (37)

is a standard Brownian motion and for x # y the Brownian motions W.(z) and
W.(y) should be for simplicity independent. (’space-time white noise’)

What is a rigorous mathematical description of this?
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spatial discretization given N € N

N
i

] ] ] ] ] ]
1 2 3 4
YoxoN Now 1 z
The nodes y,i )(t), k = 0,1,...,N, are solutions of the following system of
stochastic differential equations:

N 1 N N N
w0 = v g (U0 - 270 -y 0) @

2nd order finite diff.

1
+ B (1) dt + ——dWi(t), k=0,1,..., N,
X

VAz

with Az = & (’spatial distance’).
. . 1 . . . 2
Why spatial scaling Az In front of the Brownian motions 7

associated polygon:

(N) “”l(cli)l - (N) z - xl(cN) (N) /4y (N) (N)
XW(t,x) = NCORNELL (t) + IR Yppr () ifz €[z 2y ]
x

Tpy1l — T Tet1 — Tg
e C([0,1]) € L*([0,1])

with x

(N) _ k
k N*

Functional central limit theorem

Let PV) .= P o (X))~ on C([0,1]; L?([0,1])). Then PN) = P(>) weakly
on C([0,1]; L2(]0, 1])) where the canonical process under P(*) solves the stochastic
partial differential equation (spde)
(1.1) dX, = (v02, X+ B(Xy)) dt+dW, € L*([0,1])
where W, denotes the 'Brownian motion’ on L?([0, 1]).

Formally: V s,t € [0,00), V x,y € [0, 1]

E(W;(2)Wi(y)) = s At do(z —y)

Alternative notation for the spde (1.1)): Using u(t, z) := X¢(z) and W (t,z) =
Wy(z), we can formally write
(1.2) Owu(t, ) = vo2 u(t,x) + Blu(t,z)) + oW (t,z) € L*([0,1])

Of course, the time-derivative of the Wiener process does not exist ion the classical
sense and (|1.2) has to be understood as usual in the sense of the associated integral
equation.
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Example 2: stochastic reaction-diffusion equations
A large class of widely used stochastic models for sptially distributeed random
evolutions are given by stochastic reaction-diiffusion equations, e.g.

{@v(t, ) =vdiv(t,x)+bf(v(t,z)) + glv(t, )0 W (t,z)

(13) v(0, ) = vp(x)

e lim,o f(v) - v = —00, i.e., 'coercive’

o (f(u)— f(v))(u—v) <|u—v|? ie., f one-sided Lipschitz

) =v(1l —v)(v — a) - Nagumo

) =v(1 — v) - Fisher resp. KPP (Kolm.-Petrovsky-Piskounov)
v, w) = [v(l —v)(v—a) — w,e(v — yw)] - FitzHugh-Nagumo
fv,w) = [a(b+ 1)v + v*w,w = bvv?w] - Brusselator

Motivation mathematical models for spatially extended random evolutions
used in physical chemistry, material sciences, optics, biophysics, populatation biol-

ogy

Dynamical features of (|1.3) of interest in the applications

e bifurcations, i.e., qualitative different dynamical behaviour depending on
the chosen set of parameters (e.g. excitable, oscillatory, ...)

e metastable and in general transient macroscopic structures (pulsees, wave
fronts, solitons, ...)

e stochastic resonance, i.e., microscopic stochastic fluctuations can accu-
mulate leading to change points on macroscopic scales (e.g. in climate
models)

e superposition and interaction of physical/dynamical processes on various
time scales and various spatial scales

1D-stochastic Nagumo equation
exhibits travelling waves moving with random speed

1
o
o
o
o
o
o
o
.l
0.
i

i i i L i i i
a 10 2 30 40 50 &0 0 80 € 100 20 40 &0 80 100 120 140 160 180 200
spaex space

time 174

1D-stochastic FitzHugh-Nagumo system
exhibits travelling action potentials (AP’s) moving with random speed. Other
features include random spiking, multiple spikes, annihilation of spikes, ...
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2D-Stochastic FitzHugh-Nagumo systems

model for intracellular signalling pathways

Ouolt 2,y) = B2y 0(t, ) + 02, ult 2,4) + (61 — 0)(0 — ))(t,2,9) — wlt, 2,9) + 1(t, )
+ oo W(t,x,y)

Qw(t,z,y) = e(v —yw)(t, z,y)

on the domain [0, L] x [0, L] C R?

exhibits various spatial patterns

D omow om o m oW W@ om0 EEERE

comparison with real experiments

Experiments Simulations
(B) Giant cell (E) Giant cell

Wave dynamics in the actin
cytoskeleton (in Dictyoste-

lium discoideum, see [5])
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Lecture 2

Stochastic Analysis on Hilbert Spaces

2.1. Gaussian measures on Hilbert spaces

Preface We will use some basic facts of linear functional analysis, mostly
concerning Hilbert spaces and linear operators on Hilbert spaces. These facts can
be found in any introductory text book on functional analysis and essentially donot
require any further understanding beyond Euclidean vector spaces, that are in fact
finite-dimensional Hilbert spaces, and linear mappings on Euclidean vector spaces.
The only essential difference is that in infinite dimensions linearity and continuity
of linear mappings are no longer equivalent. In fact, linear mappings L : U — V
between Hilbert spaces U and V (or any normed vector spaces) are continuous if
and only if they are bounded, i.e. L(B1(0)) is contained in a bounded subset or
equivalently,

sup || Lhlly < oo.
lhllu<1

DEFINITION 2.1. (H,{-,-)p) is called a (real) Hilbert space, if:

(i) H is a vector space over R,
(ii) (-,)m : HxH — R is a scalar product, i.e., a symmetric positive definite
bilinear form. In particular, |u|g := \/{u,u) g defines a norm on H.
(iii) (H,|-|m) is a complete normed (real) vector space, hence a (real) Banach

space.
N
EXAMPLE 2.2. (i) RY, equipped with usual scalar product (u,v) := > u;v;,
i=1
N 1
but also with (u,v)q := Y. ¢iju;v;, where @ = (g;;) is any symmetric
ij=1

postivie definite N x N-matrix.
(i) Let (2,4, ) be a measure space, then L?(, A, 1) =: L?(u) with scalar
product (f,g) := [ fgdu is a real Hilbert space, but also with the scalar
Q

product

(. 9)q = / / (@)l y)u(dr)u(dy)
Q Q

where ¢ is symmetric and positive definite in the sense that V Ay, ..., Ay €

A the matrix Q = (¢;;), with elements ¢;; = [, [, q(x,y) p(dz)u(dy) >
T J

0,1 <14,j <N, is symmetric and positive definite.

[e.e]
(iii) The sequence space [ = {(uk)k>1 CR: Y ul< oo} equipped with
k=1

oo
(u,v) = Z Up V-
k=1

DEFINITION 2.3. (H,(-,-)m) is called separable, if there exists a countable
dense subset Hy C H.
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EXAMPLE 2.4. L?([0,1],dx) is separable, with countable dense subsets

n

Hy = {Z apz® in>1,a; € Q} = all polynomials with rational coefficients
k=0

or

n n
Hy = {Z ay sin(2rkx) + Z bi cos(2mkx) :m > 1,ap, by € Q} = all Fourier polynomials with

rational coefficients
k=1 k=0

In general: If  is a separable metric space and A = B(2) the Borel o-algebra,
then L?(p) is separable.

DEFINITION 2.5. A probability measure y on (H,B(H)) is called a Gaussian
measure, if for all h € H the linear functional
Ih:g—{g,h)g, H-—R
is normally distributed, i.e., there exist m(h) € R, o?(h) € Ry, such that for all
teR:
/eitlhd,u _ eitm(h)fétQUQ(h)’
H

THEOREM 2.6. A probability measure p on (H,B(H)) is a Gaussian measure
if and only if

/eug,hmu(dg) _ gilmoh i~ (Qhoh) i

H
for all h € H, where

a) m € H is the mean vector,

b) Q : H — H is linear, continuous and symmetric (i.e. (Qg,h)y =
(9,Qh)pr ), positive semidefinite (i.e. (Qg,g9)m > 0 Vg € H) and of finite
trace, 1i.e.

tr(Q) = Z(Qe;ﬁek}H < 00
k=1

for one (and hence for all) complete orthonormal system (CONS) (ex) on
H.

In this case we will write
p=~N(m,Q)
and @ is called the covariance operator of .
In particular:

(i) 1{@’ h)ap(de) = By (ln) = m(h) = (m, h) u
(i)
/((xv ha) = (m, h1))({z, he) = (m, he))p(dx) = By ((Ihy — Eplny ) (Iny — Epln, )
! = Cov,(ly1,12)
= (Qh1,ho)y Yhi,he € H
(iif) I{Hx —m|fp(dz) = tr(Q)
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EXAMPLE 2.7. (i) Wiener-measure

Let (8(t))e>0 be a 1-dimensional continuous Brownian motion on (2, F,P),
i.e. a stochastic process satisfying

a) $(0) =0 P-a.s.,
b) for 0 < t; <ty < ... < t,, the increments

B(tiv1) — B(ti), 1<i<n-—1

are independent and N(0,t;+1 — ¢;) distributed.
c) t— B(t) is P-a.s. continuous.

Let T' > 0 be fixed and let
B.:Q — C((0,T]) € L*([0, T]), w = (t = B(t,w))
be measurable w.r.t. the Borel o-algebra on L?([0,7]). Then the distribution
u(A) ==P(B(-) € 4),  AeB(L*([0,T]))
is called the Wiener measure.

i is a Gaussian measure (centered, i.e., the mean vector is zero) with covariance
operator () induced by the bilinear form

Qq(t)

T
/g t) s Atdsdt
0

) >L2([0 T])

<Qg7 L2([0,T])

e
{1

where A denotes the Laplace-Operator on L2([0,T]) (i.e. Ag = ¢"), with Dirich-
let boundary conditions in 0 (¢(0) = 0) and Neumann boundary conditions in T'
(¢'(T) = 0). With these boundary conditions, A becomes invertible and we have
indeed that Q = (—A)~1.

PROOF.

>
—~
w0
~—
=
=
=
—~
V)
~—
U
V)
|
=)
=
[¢)
[=}
o
@
3
|
s
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Cov(ly 1n) = / (2, g) (@, hpu(dz) = E / o(s)B(s)ds / h(s)B(s)ds
0

L2([0,T7]) 0

since m(g)=m(h)=0

=//mwwmw&mmww
0 0

—_——
=sAt
O
Remark It is instructive to identify ) from the bilinear form. Indeed,
T T /T
(Qg, h)r2(j0,1) //g t)s Atdsdt = /(/g s/\tds) h(t) dt
00 0 \o
implies that
T t T
g(s s/\tds—/ g(s)sds+t/ g(s) ds.
0 0 t
In particular, Qg(0) = 0, ( ft s)ds, which is equal to 0 if ¢ = T', and

(Qg)"(t) = —g(t).
(ii) Brownian bridge
The process

B(t) = B(t) — ZB(T), 0<t<T

satisfies B°(T) = 0 and is therefore called a Brownian bridge from 0 to 0 (in time
T). The distribution

pP(A) =P(B() € A), A€ B(L*([0,T]))

is called a pinned Wiener measure.
1Y is a Gaussian measure with mean vector 0 and covariance operator

Cov,o(lg,ln) = (Q%, h) = /T/Tg(s)h(t) ( SAt — T) dsdt

= <(_AD)_1Q, h>

where Ap now denotes the Dirichlet Laplacian on L2([0,T]). In particular, Q° =
(=Ap)~

(e}

PRrROOF.

T T
Cov,o(lg,ln) = Eo(lg, 1n) = / / g(s)h(t)E(B%(s)B0(t))dsdt
0 0
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with

= B(5(s)5(1)) — E(B(s)B(T)) — SE(B(T)B(1)) + 75 E(5(T))
st st st

R

=sANt — %t

In this case

Qg(t) = /OTg(s> (sne-5) as= /Otg<s>sds+t/tTg<s>ds— }/OTgcs)sds

indeed satisfies Q°¢(0) = Q%(T) = 0 and (Qg)" = —g.

SKETCH OF PROOF OF THEOREM [2.6]
<=: obvious

=: First we have to show that h +— m(h) = E,l}; is linear and continuous.

linear:

scalar prod.
m(h+g) = Eu(lh+gjcalzizro Eu(lh + lg)
;;%;Eu(lh) + Eu(lg)
=m(h) +m(g)
continuous:
m(h) is continuous (on H) if and only if sup m(h) < oco.
lalle<1

First note that:
H, — {h cH: /|lh(x)\,u(dx) < n} cH

for all n > 1 according to Fatou’s lemma. Moreover

H= UHn

n>1

Therefore Baire’s category theorem implies that there exists some ng > 1 such
that

Hopy #0.

Hence we can find € > 0 and some element hy € H such that B.(hg) C H,,. But
this implies that for all h € H with ||h||g < 1:

n=2(5n) :i(;h+ho_ho).
PR

EBE(h’O)
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Finally this implies that

m(R)] = / (2, h) s de)

H
2
S | Msntnolpt [ linoldp
H H
—_———
<ng <ng
4
< —ng < o0.
€
Therefore sup m(h) < 2ng < oo which implies that m(h) is continuous. The
Ihlla<1
Riesz representation theorem now implies that there exists m € H such that

(m,h)g = m(h).

Similarly one can show that @ is bilinear and continuous on H x H. In partic-
ular, (again using Riesz representation theorem):

Vh € H 3Q(h) : (Q(h),g) = Q(h,g) Vge H
and therefore h — Q(h) is linear and continuous.

@ ist positive definite, since

(Qh, h)u m)u)?p(dr) > 0.
oo

It remains to show that tr(Q)) < co. To this end let (e,,), be a CONS and let p
be centered, i.e., m = 0. Then I, ~ N (0, (Qe;,e;)) and for given e; we have that:

Therefore
By (e5) € B2(0)
i>1
Consequently, |
o o0
50 > p(Ba(0)) = 3 u(By(e) ~ 3 (Qerse)
i=1 i=1

We will use the following functional analytic fact on trace-class operators with-
out further proof:
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PROPOSITION 2.8. Let @ be linear, continuous, symmetric, positive semidefinite
and let tr(Q) < oo (i.e. r(Q) =Y 1o (Qei, €;) < 0o where (e;) is any CONS). Then
there exists a CONS ey, k > 1, of H, consisting of eigenvectors of Q, i.e.,

Qer = Aker, g > 0.
0 is the only accumulation point of the sequence of eigenvalues (Ax)g>1. Moreover,

tr(Q) = > A\ < 00, i.e. (A;) converges absolutely.
i=1

The following proposition provides the canonical representation of Gaussian
measures on Hilbert spaces and also gives an instruction of how to simulate Hilbert
space valued Gaussian random variables, resp. to draw samples from a Gaussian
measure on some Hilbert space.

PROPOSITION 2.9 (canonical representation). Let m € H and let Q and (e)k>1

be as in the previous Proposition [2.8 Let X be an H-valued random variable on
(Q, F,P). Then X is normally distributed with X ~ N(m, Q) if and only if

X = Z VA Brer +m,
k=1

where (B )k>1 are independent, N'(0,1) distributed random variables. The infinite
series converges P-a.s. and in LP for all p < co.

PROOF. «<: We have to show that Y +/AxSrer +m converges on H. To this
k=1
end let m <n € N. Then:

||Z\/>5k_2\/>ﬁk”H_H Z VBl

k=m+1

= Z VB, Z VB
k=m+1 k=m+1

= Z VAV BB ( €k,61
k,l=m+1 751@1

= > MBE
k=m+1

Hence

(Zfﬁk—ifﬁkllH>= (Z wi)

k=m+1

Z Ak]Eﬁk* Z )\knm—moo

k=m+1 _1 k=m+1
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Finally we have to verify that the infinite series has the correct distribution:
Eeih:Xom _ gei(m.hym+i 33, VAkBr(er:h) i

— H{mh)u ﬁ EeivVAi(er:h)m Br
—_—

k=1 e—%&@k,h,)%

ei(m,h>H e—% S92 Aler,h)y
_ ei<m7h>H€—% 221 Ak (er h)m(er,h) i
— eilmh) =5 352 (Akew k) u (en,h) u
etmh) e*% > ore1(Qek,h) mier,h) i
— ei<m7h>H€—% > oreifer,Qh) ek h) i

PangVﬂIS’eMm,h)H e 1(Qh,hyu
identity
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2.2. Wiener Processes
Let @ be as in the previous section and let (U, (-, )yy) be any separable, real

Hilbert space.

DEFINITION 2.10. A U-valued stochastic process W(t), t € [0,T], on (Q, F,P)
is called a (standard) Q-Wiener process, if

(i) W(0) =0,
(ii) ¢t — W (t) is P-a.s. continuous,
(iii) for 0 =tg < t; < ... < t, <T the increments

W(ti)—W(tz;l), 1= L...,n
are independent, N (0, (t; — ¢;—1)Q)-distributed.
PROPOSITION 2.11 (canonical representation of Q-Wiener processes). Let (ej)r>1

be a CONS, consisting of eigenfunctions of Q. Then W (t), t € [0,T), is a Q- Wiener
process, if and only if

(2.4) W) =S Vawb(ber, teo,T],
k=1

where {Bi(t) : Ay > 0} are independent, 1-dimensional (continuous) Brownian mo-
tions. The sequence (2.4) converges P-a.s. on C([0,T);U) and in LP(Q2, F,P; C([0,T]; U))
for allp < o0, i.e.

im £(_sup 15 VAuBit)ex ~WOIL ) =0

n—o0 tel0,T] 1
SKETCH OF PROOF:
We only present the proof for the case p = 2. The general case and the P-a.s.

convergence follows similarly from generalizations of the martingale convergence
theorems to Hilbert-space valued martingales. To simplify notations let

Wn(t) = Zn: VB ()er.
k=1

Then

W& =WOlE =1 Y VaBe@erll = D MBi().

k=n+1 k=n+1
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Hence

E( sup [[W" (1) W(f)l%) E( sup Y Amﬁ(@)
t€[0,T] t€[0,T] j—

Conversely: If W (t) is a @Q-Wiener process, define

1 .
ﬂk(t) = ﬁ<W(t)7ek> 3 lf )‘k >O
0 , otherwise.

It then follows for s < ¢ and £ > 1 that
Bi(t) — Br(s) = (W(t) —W(s), ex),
—— ——

~N(0,(t—5)Q)

1
oy

NN(Ov(tfs))‘k)
so that 8;(t),k > 1 are 1-dimensional Wiener processes, hence 1-dimensional con-
tinuous Brownian motions. To see that they are indeed independent let k # [ and
s < t. Then:

Cov(Bu(t), Au(s)) = ——

E((W(t), ex)(W(s), e))

= e V() = W), e) W(s), ) + B (W (5), ) (W (5), 1))

- E (W (t) —:OVV(s),ek>)IE(<W:(j),el>)+5<Qek,el>
1
RV TeTRAR

=0
=0

O

DEFINITION 2.12 (Q-Wiener process w.r.t. some filtration (F;)). An U-valued
stochastic process W (t), t € [0,T], is called Q-Wiener process w.r.t. a given filtra-
tion (F), if

(i) W (t) is Fi-measurable, i.e. W is (F;)-adapted,
(ii) ¢t — W (t) is P-a.s. continuous,

(iii) W(t)—W(s) is independent of F; for all 0 < s <t < T and N(0, (t—s5)Q)-

distributed.

Similar to the finite-dimensional case it holds that a Q-Wiener process W(t),
t € [0,T], always is a @Q-Wiener process w.r.t. the minimal right-cotinuous filtration

V=7 F=cW(r):relo,s])

s>t
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generated by W.

2.3. Stochastic Integration on Hilbert spaces

The aim of this section is to define the stochastic-integral
¢
/ O(s)dW (s)
0

w.r.t. some H-valued Q-Wiener process.

2.3.1. Martingales in Banach spaces. Let (E,|||) be a (real) Banach
space, i.e. a complete normed (R-) vector space. Let p be a finite measure on
a measure space (£2,.4).

2.3.1.1. Bochner-Integral. (E-valued p-integration)

We want to define the Lebesgue integral

Q/fduEE

for measurable real-valued functions f : 2 — R to suitable sets of measurable
mappings f: Q — E.

Similar to the case of the Lebesgue-integral we first consider elementary F-
valued step functions

(2.5) F=Y wila,
k=1

with z; € F and A € A. W.lo.g. we may assume that Ay are pairwise disjoint.
For such integrands we then define the integral as follows:

[ =3 auntan) < E.
Q k=1

and similar to the case of the Lebesgue-integral one can show that this definition
is indepedent of the given representation of the elementary step function f.
It is then easy to see that the following Bochner inequality holds:

Q/fdu E SQ/IIfEdu-

Indeed,

E

| s

Zl‘ku(Ak)

k=1

=3 Jalle / Lay dp = / S okl a, dp
k=1 Q Qp—

- / 11l d.
Q

<3 el en(Ar)
E k=1
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Using the Bocher inequality we can extend the integral [ fdu to all integrands

f 1 Q — FE satisfying
e f is strongly measurable, i.e., f = lim, o fn u — a.e.
fn is of type
o [lfllpdn < o0

(2.6)

Remark For mappings f : @ — F taking values in an infinite dimensional
normed vector-space E, it is not true in general, whether A/B(FE)-measurability
implies that it can be approximated by pointwise limits elementary step functions.
A/B(FE)-measurability of a mapping f implies that f is weakly measurable in
the sense that for all continuous linear functionals £ € E’ the real-valued mapping
£(f) is A/B(R)-measurable. It is then a classical result in functional analysis, called
Pettis theorem, that the following holds true:

THEOREM 2.13 (Pettis theorem). A necessary and sufficient condition that
f:Q — E is (strongly) measurable is that it is weakly measurable and separably
valued.

Here, separably valued means that the range f(2) of the mapping f is a
separable subset of E. It is obvious that if E is separable, e.g. E = RY, LP(R?),
I, ..., then every (weakly) measurable function f : Q — F already is strongly
measurable.

The set of all admissible integrands f will be denoted by £1(92, A, u; E) or
simply with £!(u; E). Let L'(u; E) the set of all p-equivalence classes in £!(u; F),
w.r.t. the equivalence relation f ~ g if and only if f = g p-a.e. Similarly we define
LP(p; E) and LP(u; E).

Properties of the Bochner integral

(i) Bochner inqeuality

Q/ fdu E < Q/ £l md

(ii) Linearity Let L : E — F be linear and continuous, where F' is another
Banach space. Then:

L Q/fdu :/Lofd,u.

Q

In particular: o, 8 € R, f = (f1, f2) € E x E,

L:ExE—E, (x1,22) ax; + B,
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a!hw+6!th !Mu
:/Lofdu

Q

=/@ﬁ+mww

Q

Then

(iii) Fundamental theorem of calculus
Let f € C'([a,b]; E), i.e., differentiable curve in E. Then

ﬂ@—ﬂ@=/f@ﬂr

foralla <s<t<hb.

2.3.1.2. E-valued conditional expectations. Form now on we assume that F is
a separable Banach space. Let (Q, A, P) be a probability space. We then have the
following result on the existence of E-valued conditional expectations:

THEOREM 2.14. Let X : Q — E € LY(Q, A,P; E) be a Bochner integrable
E-valued random variable and Ay be a sub-o-algebra of A. Then there exists a

P-a.s. uniquely determined Bochner integrable E-valued r andom variable Xq €
LY(Q, Ay, P; E) such that

/XodIF’:/XdIP’ VAeA.
A A

The Ag-measurable random variable X is called the conditional expectation of X
giwen Ay and we write

XO = E(X | .A()).
Moreover, Bochner’s inequality holds

1B (X [ Ao)llp < E(1X]l5 [ Ao)-

The proof of the theorem is first reduced to the case of elementary step functions
X =3, xrly, with Ay, k> 1, pairwise disjoint. In this case clearly,

E(X | Ag) =Y xxE (1a, | Ao),
k
and using the triangle inequality we obtain that

1B (X | Ao)l g = || > 2k (1a, | Ao)
k

E
< laenllsE (La, | Ao) = B (Z [E24/p 0 |A0> = E([1X[lz | Ao) -
k k

The general case can then be obtained considering pointwise limits of random vari-
ables of the above type.
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EXAMPLE 2.15. Let Ag :=0 (Ag : k=1,...,n), Ax pairwise disjoint. Then
1
E(X|Ay) = 7/XdIP1A
=3 iy [ X
k

(with the convention mAf X dP:= 0, if u(Ag) = 0).
k

We can now extend the definition of a real-valued martingale (M;);>0 w.r.t. a
given filtration (A;);>o to the general case of E-valued martingales.

DEFINITION 2.16. An E-valued stochastic process (M;):>o on (2, A, P) is called
an (A;)-martingale, if
(i) E(J|M¢]]) < oo for all ¢ > 0,
(ii) M, is As;-measurable for all ¢ > 0,
(iii) E(M¢|As) = M, for all 0 < s < .

Remark It is an immediate consequence of the definition that (M) is an (A;)-
martingale if and only if for all [ € E’ the real-valued process (I(M)) is a real-valued
(Ay)-martingale.

EXAMPLE 2.17. (i) X € LY(P; E), then X; = E(X|A;) is a martingale.

(ii) Consider discrete time ¢t = 0,1,2,... and Y1,Ys,... € LY(P; E), iid and
Ay =o({Y1,...,Y:}). Then

is a martingale.

(iii) As a generalization of the previous example to continuous time consider
a U-valued Q-Wiener process (W;) w.r.t. (A:) (where U is a separable
real Hilbert space). Then (W,) is an £2-integrable continuous martingale
with

E(|Wellz) =t tx(Q)-
Indeed, similar to the case of finite dimensional Brownian motion,
E(WiAs) = E(Wy — Wy 4+ W] As)
=E(W; — W,|Ay) + E(W|Ay)
T e

=E(W;—W,)=0 =W.
= W‘}?
and
E(|Wi3) =E (|Z mﬂk(t)ek|%> =E (Z )\kﬁi(t))
k=1 k=1

oo

= ME(BR®) =t > M
k=1 k=1
=1 tr(Q).
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Remark The notion of sub- and super-martingales cannot be immediately
generalized to arbitrary Banach spaces, unless we assume that we are given some
partial ordering ”<” which is for example the case on LP-spaces. We will not use
this additional structure in the infinite-dimensional case and therefore do not study
sub- and super-martingales in more detail.

Similar to the case of the real-valued conditional expectation we have:

THEOREM 2.18 (Doob’s maximal inequality). Let (M) be a right-continuous
(A;)-martingale. Then:

=

(2 (oo ||Mt||P));’spaE<||MT||P>> s

0<t<T p—1

Main consequence: Let (M]*), n > 1, be an £P-Cauchy sequence of continu-
1

ous martingales, i.e., lim (E(||M} — Mj"|[%))* =0 for some p > 1. Then there
n,m—00

exists a continuous martingale (M;) (w.r.t. the same filtration), such that

lim ]P’( sup ||M]" — Mg ><€> =0 Ve>0,

n—oo 0<t<T

hence lim M;]* = M, uniformly on [0, 7] in probability.

n— oo
In other words:

MY = {(My)sepo,m E-valued, cont. (A;) — martingale,
M| aaz, = sup (E([|Me]l))7 < oo}
0<t<T

is (again) a Banach space (if p = 2 a Hilbert space).



Lecture 4

Stochastic Analysis on Hilbert Spaces

2.3. Stochastic Integration on Hilbert spaces

2.3.2. Stochastic integral. Throughout this subsection let U and H be sep-
arable real Hilbert spaces and (W}) be an U-valued Q-Wiener process w.r.t. (Fy).

We want to construct the H-valued stochastic integral fot ®(s) dWy for appropriate
integrands ® in four steps similar to the real-valued case.
Step 1 Integration of elementary processes

K-1
(2.7) () =Y Pl t,0,](1)

m=0

e 0=tg<ti1 <...<tg=T
e &, : Q) — L(U,H), F, -measurable and separable, where L(U, H) de-
notes the (linear) space of all linear, continuous operators U — H.
We then define the stochastic integral

t K—1

/@(s)dWs = Z (Wi int — Wipnt), 0<t<T

5 m=0
which leads to a linear mapping
I:&— M2
where £ denotes the (linear) space of all elementary prozesses of type .

Step 2 Wiener-Ito isometry
We want to formulate the Wiener-Ito-isometry for H-valued stochastic inte-
grals. To this end we first need to introduce a new class of linear operators:

DEFINITION 2.19. Let L € L(U, H) be a continuous linear operator from U to
H. L is called Hilbert-Schmidt operator, if

oo

(2.8) LIy = D ILexlzr < oo
k=1

for one (and hence all) CONS (e) of U. Let Ly(U, H) be the (linear) space of all
Hilbert-Schmidt operators L. Then Ly (U, H) is again a real Hilbert space w.r.t.

the scalar product
o0

(A, B)L,w,m) = »_(Aex, Bep)
=1

(which is independent of the chosen CONS (ey) (!)). The associated norm ||| ., v, i)
(as given in (2.8))) is called Hilbert-Schmidt norm.

1
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Remark (separability of Ly(U, H)) A striking feature of the space Lo(U, H) of
Hilbert-Schmidt operators is the fact that it is again separable. Indeed, the set of
finite rank operators

n

Loyu:=> (uex)uyr, ye€Hn>1
=1

is a separable dense subset of Lo(U, H), since for any L € Lo(U, H) and L,, of the
above type with yi := Lej we have that L,ex = Leg for k =1,...,n, and thus
1L = Lol 2, = D ILexl® = 0,n— oo
k=n+1
In contrast to this, the space L(U, H) is not separable, even not for separable Hilbert
spaces U and H, unless U and H are both finite-dimensional.

Back to the stochastic intergal fot ®(s)dWs. The following Wiener-It6 isometry
holds:

t 2

(29) E /<I>(s)dWS =E /H@(s)o\/éHQLQ(U’H)ds , te€[0,T]
0 H 0

In particular,
. 2 T
Jo@aw. =5 ( [l126)0 VIR0
0 M2, 0

PROOF OF THE WIENER-ITO ISOMETRY.

W.lo.g. t =T. To simplify notations let A, := W (ty41) — W(ty). Then

T 2

k—1
E /cp(s)dW(s) =E ( > <I>mAm||§{>
(2.10) 0 H m=0
k—1
= ) E(®mnAm ®nln)n)
m,n=0

W.lo.g. let (eg), k > 1, be a CONS of U consisting of eigenvectors of @ with
corresponding eigenvalues A, k > 1, and let Si(t) := (W(t),ex)u, k > 1, be the
corresponding independent 1d-Brownian motions. For any m,n we then have that

(2.11)
E (B, PpAn) i)

= Z \/E\/EE<<(I)W(€/€)’ (I)n<el)>H<6k(tm+l) - ﬂk(tm))(ﬂl(tn_,_l) — /Bl(tn))>
k=1
To further simplify notations, let A, B := Bi(tnt1) — Bi(tn)-
If m # n or k # [ then
]F‘(((I)m(ek)v q)n(el»HAmﬂkAnﬁl) =0
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since the Brownian increments A,, S and A, 8; are independent of F,,,rn, so that
in case of n £ m or k #1

]E(AmﬁktAnﬁl | fm/\n) = E(ﬂk(tm-&-l) - Bk(tm) | ]:m/\n)E(ﬂl(tn—i-l) - ﬁl(tn) ‘ fm/\n) =0

and therefore in this case
(2.12)
E(®mAnBr®nAnfi) = E(RmPnE((Bk(tmt1) = Be(tm)) (Bi(tnt1) — Bi(tn)) | Finan)) = 0.

In the remaining case m = n and k = [ we have that
(2~13) E(<<I)m(ek)a q)n(el»HAmﬁkAmBl) =E (H(I)m(ek)H%{) (tm+1 —tm).

Inserting both identities (2.12)) and (2.13)) into ([2.11]) yields the assertion, since
2

T

E / B(s)dW (s)

0 H

=

AE (Hq)m(ek)”?{) (tm+1 — tm)

1Y

=
L

E (1@ (vVAkei) ) (s = tm)

?3

E (1 @n(v/Qer) I ) (b1 = tm)

I
= o

I
M I I D1

‘NS

E (Il(@m o V@))% ) (tms1 = tm)

ﬁ
o

I
(]

([ @, © \/@HQLZ(U,H)(tm-H - tm))

0

[ 126510 VI 0y

0

3
I

I
&=

Herein we used the fact that Qe = Apexr and therefore

2
Aell@merly = |[m (Viker )| = [|@m o v/@er

’2
0

The Wiener-It6 isometry now implies that
I:&— M7
is the isometry
11@)]3 = 1215,

if we endow £ with the seminorm

T
|o|3 = E / 1® 0 VQI2, 0 ds
0

Step 3 We can now extend I uniquenly to a linear isomery
1:&— M2,
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where £ denotes the abstract completion of £ w.r.t. the seminorm ||-||7. The 3rd
step now in the construction/definition of the stochastic integral consists in the
alternative caracterization of the abstract completion £ of admissible integrands.
To this end we define

Pr=c{]s,t] x Fs: 0<s<t<T,Fy e FsyU{{0} x Fy: Fy € Fo})
= o ({(Hs) : (Hs) left-cont. and (F;) — adapted})
= predictable o — algebra.
Remark Sometimes in the literature Pr is also called the previsible-o-algebra.
With this definition we now have that
& =L*(Qr, Pr,Pr; LY)/ ~

with Qr = Q x [0,7] and P7 = P®dt. Here, LY denotes the space of all continuous
linear operators T': U — H such that T o 4/@Q is Hilbert-Schmidt and ”~” denotes
the equivalence relation

PrTifPor/Q=Vo/QPr—ae.

Step 4 Localization

We use the same localization as in the finite-dimensional stochastic integra-
tion theory. This allows us to extend the construction/definition of the stochastic
integral

/t D(s)dW(s),t €[0,T],
0

to all
®: Qr — L(U, H) ,adapted, Pr — measurable,

satisfying

T
P [196)0 VAl wmds <0 | =1
0

Properties of the stochastic integral
(i) Linearity If L € L(H, H) then

t t

L / B(s)dW (s) | = / Lo ®(s)dIW (s).

(ii) Let f: Qp — H, be (F;)-adapted and continuous. Then the real-valued
stochastic integral

/ (F(), ®(s)dW (s)) 1 = / B (5)dW (s)
0 0
with

is well-defined.
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(iii) Let p > 1. Then there exists a universal constant ¢, such that

E<y/3M@dW@>j>zg%E(AW@@n@d§p

0
In particular, the following inequality, called the Burkholder-Davis-Gundy

inequality, holds
t 2p T D
E| sup /@(s)dW(s) < ¢,E / [ ®(s)|3, ds
tefo,77 11 /o H 0 2

(iv) Quadratic variation: Let M; := fo s)dW (s), then

<M»:Anﬂm@w¢eMH,

is the unique continuous increasing (Fi):>o-adapted process starting at
zero such that

||Mt||2H - <M>t 7t € [O’T] )

is an (Ft)sepo,r)-martingale. It can be shown that for any sequence of
partitions (7, )n>1 of [0, 7] with lim,, o |7, = 0 it follows that

(2.14) Lim Y My, — My ff = (M),
ti€Tn ti <t

uniformly in ¢, in probability. More general, given any h € H, the process

/||\fo Y*h||Z ds,t € [0.T],

is the unique continuous (F})¢c[o,77-adapted process starting at zero such
that

(M. b /nﬂ%¢ V*hiZ ds .t € [0.7],

is an (Ft)efo,r)-martingale. In analogy with (2.14)

fim D7 (Mugso s = (Mu B ) /H\focb )l ds

n— 00
ti€Tn,ti <t

uniformly in ¢, in probability.
(v) Regularity of the stochastic integral: let a < % be given. Then for any
NS CQ(QTa PTa ]PTv L(Q))

M; = /t ®(s)dW (s) € W*2([0,T]; H)
0

where for a given Banach space F, the space W*?2([0,T]; E) consists of
all functions M € L%([0,T]; E) satisfying

| M — M|l
/ / s — {1720 dsdt < oo.
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Proof: The Wiener-It6 isometry implies that

s\/f 2
M- TE ([ 120Gy dr)
‘t _ S|1+2°‘ |t _ S‘H'QD‘ S

. |®(r dr
/ / (O
scuA E (I12()|3) dr.

2.3.3. Appendix: Stochastic integration w.r. t cylindrical Wiener
processes. The construction of stochastic integrals fo $) dW (s) can be extended
to the case where the covariance operator @) is only bounded, but not necessarily
of finite trace. To this end, one needs to extend the notion of a ()-Wiener process.
To simplify the presentation, we restrict ourselves to the particular case Q = I.

The representation of the Q-Wiener process obtained in Proposition leads
in the case @ = I to the infinite series

IN

t) = iﬁk(t)ek ,t€1[0,7T],

k=1

for independent one-dimensional Brownian motions 5, k > 1. Note that this series
does not converge in U, since

n 2
Z Br(t)ex
k=1

U

= B(®)?
k=1

and thus

n 2

> Br(t)ex

k=1

E :zn:E(ﬁk(t)z):n-tToo

U

for n — co. However, for any Hilbert space (Ui, ( , )u,) for which there exists a
Hilbert-Schmidt embedding J : U — U; the infinite series converges in Uy, since

J (Z ﬁk(ﬂek)
k=1

2 n

> E{(Br(t) I (er), Bi() I (e1))vr,)

U, k=1

ZEm: ) 117 (ex) 13, since E (Bi(t)i(t)) = ot

= Zt 17 (eI, T N1, w0n) -

REMARK 2.20. U; with the above properties always exists. For example, choose
a sequence (ag)k>1 € 2 with oy # 0 for all k, let Uy = U and define

J:U—=U,u— Zak(u,ek)yek.
k=1
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In the following we fix a sequence of independent one-dimensional Brownian
motions By, k > 1, a CONS (ex)r>1 of U and a Hilbert space Uy for which there
exists a Hilbert-Schmidt embedding J : U — U;. In particular, Q; := J o J* €
L(Uy) is symmetric, positive definite with finite trace and the infinite series

Wi(t) =Y Be(t)J(ex) .t € [0,T],
k=1

converges in M2 (U;) and defines a Q1-Wiener process on Uj.
For a given predictable process ® satisfying

T
P </0 ”(I)(S)H%Q(U,H) ds < OO) =1,

12y = 1905) 0 T2 g -
we conclude that the stochastic integral

t
/ B(s) 0 JL AWy (s)
0
w.r.t. the QQ1-Wiener process is well-defined. Finally, we set
t t
/ ®(s) dW (s) := / ®(s) o J HdW,(s).
0 0

The class of admissible integrands is given by
Nw ={®: Qr — Ly(U, H) | ® predictable and

T
P (/0 12 ()11, v,1) ds < 00) =1}.

using



Lecture 5

Stochastic Analysis on Hilbert Spaces

2.4. Strongly continuous semigroups

Throughout the whole section let (E, ||-||) be a Banach space.
We will need some further basic functional analytic facts on linear operators A
on the Banach space F. Mainly facts on the linear initial value problem

{;tu(t) = Au(t),t >0

(2.15) u(0) = ug € D(A).

Here, D(A) denotes the domain of A. If A is bounded (with full domain D(A4) = E),
a solution to ([2.15)) is given in terms of the operator exponential
A, k
u(t) = e"ug = ZEA ug,t > 0.
k=0

Since the most relevant operators are however unbounded, like operators involving
the differential of a function, we need to find a suitable generalization. This is
provided with the theory of semigroups.

DEFINITION 2.21. A family (7});>0 C L(E, E) of bounded continuous linear
operators on E is called a strongly-continuous semigroup (resp. Cop-semigroup) (of
linear operators) if

(1) To = IdE = I,
(ii) Ty o Ts = Ty4s for all s,¢ > 0,
(iii) ¢~ Tyu is continuous for all v € E.

Given a Cy-semigroup we can define a linear operator A with domain D(A) as
the derivative of Tyu in t = 0, if this derivative exists in F:

1

Au:=1lim —(Tyu —u) € £
t\O0 t

with domain

1
D(A) := {u € E:3lim —(Thu —u) € E}
t\O t

The linear operator (A, D(A)) is called the infinitesimal generator of the Cjy-
semigroup.

REMARK 2.22. (i) (A, D(A)) is densely defined, i.e., D(A) C E is dense.
(ii) A is a closed linear operator, i.e., the graph

I'A) :={(u,Au) |lue D(A)} CE X E

is a closed subset in E x E. This is equivalent to say that if a sequence
(un)n>1 C D(A) converges to some element v € E and if in addition the
sequence (Auy,)n>1 is E-Cauchy, then this implies that © € D(A) und
Au = lim Au, in E.

n—oo
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The resolvent set p(A) of a closed linear operator A is defined as
p(A) :={ e C: A — A: D(A) — E bijective}.
For A € p(A) the operator
Ry:=(\ —-A)"':E— D(A)

is well-defined and continuous (!) due to the closed graph theorem. Ry is
called the resolvent of A. The complement C\p(A) is called the spectrum
of A.

THEOREM 2.23. (Hille-Yosida theorem) Let (A, D(A)) be a closed (linear) Op-
erator on E. Then th following statements are equivalent:

(i) A is the infinitesimal generator of a Cy-semigroup (T})i>0 with
| T3l ey < Me®t, ¢>0,
for given constants M, w.
(ii) D(A) C E dense, p(A) Dw, 0| and
M
k _
||R)\||L(E) S m7 k—172,,)\>w

In this case

R, = / e MTydt.
0

REMARK 2.24. A Cy-semigroup (7});>o is called a Cp-semigroup of contractions
if [|T¢]|rmy < 1 for all £ > 0. In this particular case the Hille-Yosida theorem
simplifies considerably, because in this case the following statments are equivalent:

(i) A is the infinitesimal generator of Cy-semigroup of contractions (7} )¢>o.
(ii) ]0,00[C p(A) and
||)\R)\||L(E) < 1, YA > 0.
EXAMPLE 2.25. (i) Laplace operator on E = L?(R%).

Let W (t), t > 0, be the d-dimensional (continuous) Brownian motion.
Then Itd’s formula applied to some function f € C?(R?) yields

t t

d
FOV(©) = 10V + [ T )W)+ 5 [ 302, 1) d.
0 0 = oA r(W(s)
If we define
1 _le—w)?
i) = AV +0) = —— [ ey

then (T});>0 is a Cp-semigroup on L%(R?) and one can show that

1 1
Af = 5Af =35> 0]
i=1
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is the infinitesimal generator, since

(T (@) — F(@) = ZEGW(R) +2) — f())

h

_ ;E</Vf(W(s) + )W (s) + 1/Af(W(s) + x)ds)
0

_ly /th(W(s) + 2)dW(s) +11E( 1 /h AF(W(s) + x)ds)

h ) 2 h )
=0 —AF(W(h)+x)
) B (AFW(0) +2)) = 3 A ().

The precise domain of the infinitesimal generator A is given as D(A) =
H?2(R9), which is the (Hilbert-) space of all L2-integrable functions hav-
ing L?-integrable weak derivatives up to second order.
(ii) Laplace operator on £ = L?(D), D C R? open. Define the first exit
time
o =inf{t >0: W(t)+z ¢ D}.
Then the family (7})¢>0 of linear operators
Tif(x) =E(f(W(t) + )|t > ), =0

is a Cy-semigroup.

Also in this case 2 A is the infinitesimal generator with domain D(A) C
Hy*(D) N H?2(D), where Hy*(D) denotes the (Hilbert-) space of two
rimes weakly differentiable functions f with f and all partial derivatives

up to second order L2-integrable and f vanishing on the boundary 8D of
D.

Particular case D =|0,1]
In this case, the functions

er == V2sin(rkz), k=1,2,...
are a CONS, consisting of eigenfunctions of A with corresponding eigen-
values —m2k?. In particular,

Tier(x) = e_%7r2k2ek(ac)7 keN.

Hence, for general f € L?(]0,1[) we then have the following spectral
representation of the semigroup 7T

o0

Tof(x) = (frexhpze 5™ Fey(a).
k=1
In particular,
d 2 - 2
ah| = > K[ en)roex

k=1
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and

D(A) = {f e L2(J0,1) : SOk (foen)? < oo}
k=1



Lecture 6 CHAPTER 3

Stochastic differential equations on Hilbert spaces

3.1. Mild, weak and strong solutions

Throughout the whole section we fix two separable (real) Hilbert spaces U, H
and a Q-Wiener process (Wy)i>0 w.r.t. (F¢)i>0 on U. Consider the equation

51) {dXt = [AX; + B(X,)] dt + C(X,)dW, € H

Xo =¢
with

(A1) (A,D(A)) generates a Co-semigroup (1;);>0 on H
(A.2) B: H — H is B(H)-measurable
(A.3) C: H— Ly(Uy, H) is strongly continuous, i.e.,

x— Clx)u,H—> H

is continuous for all u € Uy.
(A.4) ¢ is H-valued and Fp-measurable.

Notions of solutions

e mild solution: An H-valued predictable process (Xt)te[o,T] satisfying

t t
X, = Tt§+/ Tt,sB(XS)ds—i—/ T,_,C(X,)dW, P—as.,
0 0
for all t € [0, 7], where all integrals have to be well-defined.
e (analytically) strong solution: A D(A)-valued predictable process
(Xt)tepo,m) satisfying
t t
X, —¢ +/ [AX, + B(X,)] ds +/ C(X)dW, P-as.,
0 0
for all ¢ € [0, 7], where all integrals have to be well-defined.

e (analytically) weak solution: An H-valued predictable process (X¢):eo0, 1)
satisfying

(Xe, )i = (& 0)m + / (X0, A*0)r + (B(X.), 9)m ds

¢
"‘/ (0, C(Xs) dWs) P—a.s.,
0

for all t € [0,T], ¢ € D(A*). Here, (A*, D(A*)) is the dual operator of A
and it is required that all integrals are well-defined.

Interrelations between the different notions of solutions

1
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strong solution mild solution

if

JE X elldt < oo

JEIB(X)dt < oo

I e o vali, w, g

if
JENAX ||t < oo JEIB(X)ldt < oo
JENIB(X)lldt < oo E(J§ T s C(Xs), A% 0) 1y v,y 1P ds) dt

I e (Xe) o VT, prydt < oo <o Vg€ DAY

weak solution

3.1.1. Existence and uniqueness of mild solutions. In this subsection
we discuss existence and uniqueness of mild solutions of (3.1)) under the following
additional assumption:

(H1)  [B(t.2) = B(t,y)lm + (C(t,z) = C(t,y)) o VQllLo(u,m)
<Llz—yllg VYz,yeHtel0,T],

(H2)  [IBt,2)l5 + 1CE2) o VOIT,wmy < M (1 + |lxlF) Vo e Hite0,T).

THEOREM 3.1. Under hypotheses (A.1)-(A.4), (H.1) and (H.2) there exists a
unique mild solution of (3.1)) satisfying

T
IE”(/ XS|12LIds<oo> =1.
0

(Xt)tepo,r) has a continuous modification and
E ( sup ||Xt|§1> <cpr (L+E(KEN)  Vp>2.
t€[0,T]

PROOF. Application of Banach’s fixed point theorem.
Fix p > 2 and define

=

Hy = {Y : Qr — H : Y predictable, ||V} := ts[tépT]]E(HY(t)HZ)
€10,

. oo} |
Then (H,, |||, is a Banach space.
For Y € H, we define
waw=ﬂw+jﬂswwmwmw+jﬂswww@mMW$
T+ K )0 + KoV,

with
t

Kﬂmﬂ?/ﬂﬁw@WWMs

0
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and

Ka(Y)(t) = / Ty (C(s, Y (5)))dW (s)
0

s).
We will show that if E(||£]|%;) < co this implies that K is a mapping

K:Hy, — Hp
and a strict contraction for 7" sufficiently small
Concerning K

E(IK. (V) (0)I7) =

t
0/
t P
Bochner
< IE( /||Tt,S(B(s,Y
0

Holder

t
< tp_lJE</ |T;— (B
0

(YOI, o)
o 1BeY )G
——

<P P Y ()I1R)

<
< 2PMPMPTP(1+ ||V ]2)

(I (V) (@)

b)) =

)=E ||/Tt (C (5, Y ()))dW (s)]
<k /||Tt s(C(s,Y (s f”Lg(UH

P
2
< ¢, MPE /||C (s,Y(s

) o VRIZ,w.md
Holder

< e, MPPMPT ™ (14 [[Y|12)
(H.2)
t<T

For the stochastic part Ko we will apply Burkholder-Davis-Gundy inequality
E

These estimates show that K(Y) € H,. To see that K is a strict contraction for
small T', observe that similar to the above estimates
E(|IK(Y1)(t)

KY2))l) < 27 [E([[(K1 (Y1) = K (V2)(0)N17) + B (1(K2 (Y1)

— Ko (Y2))(0)I15,)]
< (TP + T ||V - Yal 2.
N—————
<1 for T small

The existence of a continuous modification will follow from Proposition [3.2] below

O
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3.1.2. Existence of a continuous modification. First assume that E(||€[?") <
T
oo for some p > 1, so that in particular E (f Xt||2pdt> < 00. Let () := C(t, Xy),
0
then

T

T
1200 V@I it | <37 | [as1xrar | <oc.
0

0
The following proposition now implies that the process

t
/Tt_sC(s,Xs)dWs, te0,7),
0

has a continuous modification.
The general case E(]|£[|??) = oo follows from approximating ¢ with &, =

EL{jiell <) -

PROPOSITION 3.2. Let p > 1 and ® € L?P(Qr, Pr,Pr; Ly), i.e.

T
126510 VI, s | <o
0

Then there exists a constant C, such that
t

82 B s || [ 10wy | <o [ 196510 VAU s
oo 0

Moreover, W4 &( th sP(8)dW; has a continuous modification.

Proor. We will use a technique, called the factorization method, based on
the following integral identity:

¢
_oa—1l/. -« o ™ 1
/(t ) (r—s8)"%ds = Sin(ra) Yo € (0, 2) Vs < t.

Indeed, substituting v =

/(t — ) r —s)%r =

O\H
Q
L
|
Q
QU
N
3
L
=
g

I
L
\

3
\
| —



3.1. MILD, WEAK AND STRONG SOLUTIONS 5

We can thus rewrite the convolution
t

Waalt) = / T, o(®(s))dW (s)
0
= Cq / /(t — ) e — 8) T drTy_ o(®(s))dW (s)

(3.3) // —8)7Y Ty (®(s))  dW(s)dr

(T—roTr—5)(®(s))

r

/t—r Jo-ir, T(/(r—s)_aT,._s(‘b(s))dW(s))dr.

0 0

=:y(r)
Here we used in the third equality that we can interchange the order of integration
w.r.t. r and s ("stochastic Fubini theorem”), and in the fourth step we have used
linearity of (T%).
Hence for p > i > 1 it follows that

IWas®l2 = | / YT, (y(r))dr |22
2p
< / (t— 1) T (y ()
0
t
< /(tfr)%(a_l)dr /||Tt ” ||§fd7"
<Ca,pT/||Tt r ||§§d7”

Here we used Bochner’s mequahty in the first step, then Hélder’s inequality in the
second step (applied to 2p and =25 ). In the last step we used the fact that

1 2p 2p 1
> e P 1> 1) =-1.
% prl(a ) 2p1(2p )

p
It follows that
2 2
(3.4) tS[%PT] [Wa,e()|zr < Ca,p,T/lly(T)llffd”
€10,

The Burkholder-Davis-Gundy inequality implies that
T p

B (lymli) <G | | [r-9* 26 Val,ds| |-

0
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hence
(3.5)

/OTE(IIy(r)IIif-’) dr<C’E</T</T(7"—5 )72 D(s) \F||L2d5> dT)
<C:P7TE</ / r—s5) " ®(s) \flliﬂdsdr>

< C~'a,p,T}E (/ [®(s) f”%ﬁ dS) .

In the second step we have used Jensens’ inequality, applied to the probability
measure

,,,1—2(1 T1—2a
< ;
1-2a 7 1-2«

1 r
Z(r —5)7?*ds on [0,r], with Z := / (r—s)"2*ds =
0

since

( [ o=a=e6eva |L2ds) <zt [ et 0 QI ds

Combining with (3.4]) implies

te(0,T

T
E( sup IIWA7q>(t)II§f> < CaprE /H‘P(S)O VI ds
0

We will show next that the mapping
F:y— /(t — )T, y(r) dr

maps L?([0,T]; H) into C([0, T); H) which will imply together with (3.3]) and (3.5)
that W4 ¢ has a continuous modification.
Note that similar to the proof of (3.4

sup || F(y)(®)[I7 < ca,T,p/lly(t)lli?dt'
t€[0,T

Since C([0,T); H) C L*([0,T]; H) is dense, it therefore suffices to show that
t — F(y)(t) is continuous, provided ¢t — y(t) is continuous. Indeed, we can ap-
proximate y € L?P([0,T]; H) by a sequence (y,) C C([0,T]; H) converging to y in
L?P([0,T); H). Then F(y,) converges uniformly to F(y), which implies that F(y)
is continuous too.
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So assume that ¢ — y(t) is continuous. We will then show that F(y) is right-
/left-continuous:

[1E(y(t +R) = F(y(t)lm

t+h
. /<t+h_r>a Ty () dr—/t—r“ﬂ Ay(r))dr

0 H
< /t+h—r‘”‘ T (Th () dr — /t—ra Ty (y(r))dr
0 0 H
t+h
. / (t+ h — 1) YT (y(r))dr
t H

t

< [+ b0 T = (= ) T )

0
t+h

[ b =) T ) e
t
0,
since ((t+h—7r)*"'T, — (t—r)* ) T, (y(r)) — 0 in H and bounded in the
H-norm by 2(t —r)*~! up to some uniform constant, and (t+h —7)* " Ty p_y(r)
also bounded in the H-norm up to some uniform constant by (¢t + h — 7)1
The left-continuity is shown in a similar way, hence the assertion is proven. []



Lecture 7

Stochastic differential equations on Hilbert spaces

3.2. Stochastic differential equations with additive noise

In the particular case where the dispersion coefficient C' does not depend on
the solution, equation (3.1)) is called a stochastic differential equation with additive
noise. This case is very close to the deterministic analogue. Indeed, let

Wat) = /Ot T, CdW,, te[0,T],
be the stochastic convolution and suppose that (Wa(t))icpo,r] has a version with
continuous trajectories in H. Decomposing the mild solution
Xy =Y, +Wal(t)
we formally obtain the following equation
(3.6) dY; = [AY, + B(Y, + Wa(t)] dt Yy = €

for (Yi)iepo,r)- Equation (3.6) can be seen as a deterministic evolution equation
with time-dependent random coefficients

B(- + Wa(t)).
In particular, if (3.6 has a unique mild solution (Y;(w))¢ejo,7] for P-a.e. w and the
dependence of (Y}).e[0,77 on w is predictable, then X; = Y; +Wa(t), t € [0,T], is a
mild solution of (3.1)).
2D-Stochastic Navier Stokes equations with additive noise

Let D C R? be a bounded open domain with regular boundary D. We consider
the following stochastic Navier-Stokes equations

Brult, z) — vAu(t, x) + (u(t, ) - V)u(t,z) + Vp(t,xz) = E(z) te[0,T),z€D
(3.7) div u(t,z) = 0 te[0,T),z € D
' u(t,z) = 0 te€[0,7),z € dD
u(0,z) = wo(x) xz€D,

where (& );>0 is a (cylindrical) Wiener process. Here, u : [0,T] x D — R? is the
velocity field, v > 0 the viscosity and p : [0,7] x D — R denotes the pressure. We
will consider the equation in similar function spaces as for the deterministic case:

Dy ={ue C®(D;R?), divu=0}

H = closure of D5° in L?(D;R?) w.r.t. |jull% ::/ lu|? dz
D

V = closure of D° in L*(D;R?) w.r.t. ||ul? ::/ | Dul|? dz
D

Applying the Helmholtz projection II : L?(D,R?) — H one obtains the following
abstract evolution equation

(3.8) du(t) = [Au(t) + B(u(t),u(t)) + f(t)] dt + C dW;
. u(0) =g

on H, where
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e A =1IIAp is the Stokes operator on H
e B:V XV =V, vi(Bu,v),wy =— [w) (uz)- V)v(z)d.

THEOREM 3.3. If (Wa(t))icjo,1) has a version in V with continuous trajectories,
then (3.8) has a unique mild solution.

PRrOOF. In this case, equation (3.6) can be written as
(3.9) dY; = [VAY; + B(Y; + Wyu(t))] dt , Yo = ug .

It is a classical result, that (3.9) has for w with ¢ — W4 (t)(w), [0,T] — V continu-
ous, a unique solution Y. € L2([0,T]; V), Y. € L'([0,T]; V') satisfying also

T
sup [Villy+v [ il de
te[0,T] 0
2 (T )
<o (2 [ 1WA dr
0

(nuonz 3 [ Ia0@IEIWAO @I dt) .

It can be also shown that the dependence of the unique solution Y. on w is pre-
dictable, so that X; = Y; + W4 (t) is a mild solution of (3.8). O

REMARK 3.4. Regularity properties of the stochastic convolution W4 are well-
studied (see the monographs [1,2]). The main difficulty with Wy is that it is not
a martingale w.r.t. ¢. This does not contradict the properties of the stochastic
integral, because for any ¢ > 0 the process

WO (s) = / CAC AW, s € [0,1],
0

is a martingale up to time t.

References:

1 G. Da Prato, J. Zabczyk, Stochastic Equations in Infinite Dimensions,
Cambridge University Press, 1992.

2 G. Da Prato, J. Zabczyk, Ergodicity for infinite dimensional systems,
Cambridge University Press, 1996.



Lecture 8 CHAPTER 4

Variational approach to stochastic partial
differential equations

4.1. Insertion from functional analysis: Weak topology

We start this chapter with a short insertion on basic functional analytic facts needed
in the following. Basic facts concerning weak topology, Banach-Alaoglu’s theorem,
Riesz’ representation theorem will be needed. In particular we will need the basic
fact that weak convergece + norm convergence implies strong convergence in Hilbert
spaces.

4.2. Variational approach to partial differential equations

Having recalled the required basic functional analytic facts, we are now ready for the
introduction to the variational approach to stochastic partial differential equations.
We first explain the basic concept in the deterministic case. To this end we will
first need the concept of a Gelfand triple.

Let H be a separable, real Hilbert space and let V' C H be a second Hilbert space
such that the embedding V — H is dense and continuous. We assume that

[1Blle < lIAllv
forall he V.
Identifying H with its dual space H' = L(H,R) (using the Riesz-Isomorphism) we
obtain a dense and continuous embedding
HeH <V
via
h é (v = (hyvyg,v V)

€H>~H’ is the _
embedding EL(VR)=V"

for all h € H. This means, that an element h from H = H' is identified with the
linear functional

Ih(v) :=(h,v)g, veV.

Note that
lnllv: == sup In(v) < sup |Bflullvlla < sup [[hllullvllv < ;]
lollv<1 ™~~~ |v[lv<1 llvllv<1
1L, U) H

hence, indeed, the embedding H = H' — V" is continuous.
Let A € L(V,V’') be a bounded (hence continuous) linear operator A : V. — V|
satisfying the following coercivity condition
J\, a > 0 such that
—(Au,u) > aflullfy = Aulf; YueV.

1
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EXAMPLE 4.1. Let D C R? be an open subset, H = L?(D),V = H'(D), where
HY(D) = {u€ L*(D): 0y,u € L*(D),i = 1,...,d}
is the Sobolev space of one times weakly differentiable functions f with f and all

partial derivatives in L?(D).

Remark (weak derivatives - Sobolev spaces) 0,,u is understood in the weak sense,
ie., u € HY(D) if and only if for all i there exists u(¥) € L?(D) such that the
following integration by parts formula

(4.1) /(%cigp(z)u(x) dx = f/go(x)u(i)(x) dx
D D

holds for all "test-functions” ¢ € CL(D). Here, C}(D) denotes the space of one
times differentiable functions having compact support in D. The function u(? is
uniquely determined via the integration by parts formula . Indeed, let @) be
another weak derivative, satisfying the integration by parts formula , then

/cp(:c) (u(i)(x) — g (x)) dx = 7/8Zicp(x)u(x)d:c + /5‘xi<p(z)u(x)dx =0
D D D
for all ¢ € C1(D) and thus u() = @,

It is clear that for u € C}(R?) the weak derivative d,,u (in L?(R%)) exists and
coincides with the usual partial derivative, since

[orpt@nut)ds = - [ ¢(@),, (@) ds
D

D

H'(D) = H"?(D) is again a separable real Hilbert space w.r.t. the inner product

d
(u,v) := /uvdx—FZ/@xiu@xivdx.

D =lp
Denote with Hi (D) C H*(D) the closure of C}(D) C HY(D). Then this closure is
called Sobolev space (of order 1) with Dirichlet boundary conditions.

Illustration (d = 1). Let D = (0,1). u € H'(D) implies that u is absolute
continuous, i.e.,

u(e) ~ uly) = [(5)ds

with Radon-Nikodym derivative u’ € L?(D). In particular, u has a continuous
version %t. Moreover, u € H}(D) if and only if u € H!(D) and @(0) = @(1) = 0.

Having introduced the Gelfand triple
HY(D) — L*(D) = L*(D) — H' (D)

we can now realize the Laplace operator

d
A= Z D2 4.
i=1

as a continuous (!) linear operator A : H'(D) — H(D)’ as follows:
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Given some u € HY(D) let Au € H*(D)' be the unique linear functional defined
by

U’_}Hl(D)’<AuaU>H1(D) = /8m7u8mvdx UEHl(D)

le

Let us now consider the initial value problem

Gt =Aut) + f(1), t =0
(4.2) {u(O) = up.

THEOREM 4.2. Let A € L(V,V’) be coercive, ug € H and f € L?([0,T]; V).
Then equation (4.2) has a unique solution

we C([0,T); H)n L*([0, T]; V).
We need the following lemma for the proof:
LEMMA 4.3. Let u € L*([0,T]; V) be such that t — u(t) is absolute continuous
with values in V' and suppose that 4 € L*([0,T);V'). Then u € C([0,T); H) and

%jtn Ol = (Cflt(t) )y ae.

t
PRrROOF. First note that u( = [4/(r) dr implies for all v € L*([0,T]; V)
that

v {ut) — u(s), o)y = / (W (), v)dr < / e )l ol dr

2

C.S.
S Vi / I )2 dr | Jolly 250,

Applying the above inequality to v = u(t)—u( ) we conclude that = ||lu(t) — u(s)[|%

is bounded for all s < t. In particular, ;[u(t + h) — u(t)||% is bounded in t,h, so
that
t+h

g (latt + W) = Ol = 5 [ velal (), e + 1)+ ule)vr

t

h—\"? v (), u(t)) .

O

ProOF OF THEOREM 2] Uniqueness Let u,v € L?([0,T]; V) be two solutions
of (4.2). Then u — v solves the parabolic equation

d(u —v)

g () = Au(®) —v(?))
with initial condition u(0) — v(0) = 0. Lemma (4.3]) now implies that

1d coercive

5 lu®) = v@®lF = v (AQu(t) — o), u(t) —v®)y < Mu(t) = v(@®)]-
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Consequently,

d

= (€ ut) —v@)1F) = 7 (=2 u(®) = v(B)ll + 2(A(u() = v(B)), ut) - v(¢)))

< e (<22 u(t) — )T + 2 |u(t) —v(t)[IF) = 0.
Since u(0) — v(0) = 0 and e~2* is strictly positive it follows that
lut) - v(®)]z =0
and therefore u(t) — v(t) = 0 proving the uniqueness part.

Existence

We will apply an approximation procedure called Galerkin-method. To this end
let (er)r be a CONS of H consisting of elements in V. It is always possible to
choose such a system, since V is dense in H. Let

V., :=span{ey,...,en}

be the n-dimensional subspace of V' (and H too) spanned by the first n basis vectors.
It follows from the theory of (finite) systems of linear ordinary differential equations
that for all n € N there exists u,, € C([0,T]; V,,) such that

{gmmmw = (Aun(t),ex) + (f(t),ex), t >0

(43) (un(0)cx) = (upne)

fork=1,...,n.

The next step consist of taking the limit n — oco. An essential ingredient for this
is to derive the following a priori estimate

T
(4.4) sup | sup IIun(t)II%+/Hun(t)||2vdt < o0
n>1 \ te[0,T] 5

which implies that the approximating sequence (uy)n>1 will be bounded in the
appropriate function spaces. For the proof of the a priori estimate note that (4.3))
implies

1d s 1 )
5ol (@13 = 52 (un(®),ex)

k
= (Aun(t) + f(t), un(t))
< —allun O + Mun Ol + 1 @)l llua (8) v
< —allun N7 + Mun ()1 + %Ilf(t)\lvw@llun(t)llv
Young-

« 1
< —§||un(t)ll2v + Mun ()1 F + %Hf(t)H%u

ineq.
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Integrating both sides of the inequality w.r.t. ¢t yields that

t
Jun () + / Jun (5] ds
1 t
< luoll + 21 / Jun (s + 5 [ 1)l

0
t

< ol + / £ s +2 [ { fun(s)lr +a / Jun () | s
0

Finally, Gronwall’s lemma implies the a priori estimate .

Using this boundedness, we can extract a subsequence, again denoted with u,,, con-
verging weakly to some u € L?([0,T]; V). Since Au,, — Au weakly in L?([0,T]; V")
we obtain from that

S tult),ex) = (Au(t) + (@), ex), k=12,

and therefore p
Sult) = AU() + /()

which proves the assertion. O

4.2.1. Generalization to the nonlinear case. We assume that A: V —
V" is still continuous and coercive, but not necessarily linear. The a priori estimate
in the existence part in the proof of Theorem remains true, so that we
can still extract a weakly convergent subsequence u,, — u in L?([0, T]; V) satisfying
A(up) — g in L2([0,T); V') for some unknown element g. In contrast to the linear
case we cannot immediately conclude that A(u) = g. In order to do this, there are
the following two strategies:

1. Monotonicity (Dissipativity)
We assume the following monotonicity condition
(4.5) (A(u) — A(v),u —v) < M|lu—v||% for some \ € R,
together with the boundedness assumption of the type
Ay < M(1+ [lully),

and a certain continuity assumption (see below).
For simplicity assume that (4.5) holds with A = 0, otherwise we can pass w.l.o.g.
from the operator A(-) to the operator A(-) — AI. Then

T
/(A(un) — A(v),u, —v)(t)dt <0 Yo € L*([0,T); V).
0
The left hand side can be divided up into four terms. Three of these terms,
T T T
/<A(un),’0>(t)dt, /(A(v),un>(t)dt and/(A(v),v)(t)dt

0 0 0
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converge towards the expected limit. The only remaining difficult term is

T n T
[t w = (nun(T)n%I - (o, >> - [t
0 k=1 0

Again, the second and third term converge towards the expected limit, the first term
not necessarily. But, since u,,, n > 1, is bounded, we can extract a subsequence
such that both, u, — u weakly in L?([0,7]; V) und u,(T) — u(T) weakly in H.
Similar to the linear case we then have

L fult)yen) = o)+ F(D),en), k=12,
and therefore £u(t) = g(t) — f(t) € V' which implies, using Lemma that
T . T
[ta0. a1t = 3 (D) ol — [0, uonae
0 1 (:l )
< limsup 3 <||un(T)||%{ — Z<u07€k>2> - /(f(t),un(t)>dt
i 0
< timsup [ (Afun (1), ()t

In fact we have for all v € L%([0,7]; V)

T T

[0~ A, utt) ~vioyat < msup [ (4G 0) - A@E), ()~ (et <0
0
Choosing v(t) = u(t) + 0w(t) for any w € L*([0,T]; V) and 6 > 0, implies that
[tatt) = At + bw)®). wienar <o
0

Taking the limit § N\, 0 and assuming that § — A((u + 6w)(t)) is continuous, we

arrive at
T

[to(0 ~ Atu(o).wiendr <o vwe L2013V,
0
Since w is arbitrary we can conclude from this g = A(u).

This last argument is called the ”monotonicity trick”.

2. Compactness method

The basic additional assumption in this method is that the embedding V — H is
compact (and not only continuous). This means that that every bounded subset
A C V is precompact in H. This is not in general true for infinite dimensional
spaces, since the Bolzano-Weierstrass theorem only holds in finite dimensional vec-
tor spaces.
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LEMMA 4.4. Let the embedding V <— H be compact. Then
X = L2([0,T); V) 0 HY*((0, T V') — L*(0, T); H)

is compact too. In particular, any sequence (un) bounded in X contains a subse-
quence strongly convergent in L2([0,T]; H).

PrROOF. For € > 0 define

1 st+e 1 €
J, = t)dt = — t)dt.
o= g [ aar= o [ gls+o
(We extend any integrable mapping g : [0,7] = V by 0 to g : R = V.) Clearly, J.
defines a bounded linear operator from L?([0,7]; V) into C([0,T]; V) (resp. from
L2([0,T); H) into C([0,T]; H)), since

€

1 € 1
= — t)dt < — t dt
sl = g | [ atsna <o [ tats ol

\4

< 7ﬁ1 (/E lg(s +1)|? dt> < 7L|| [ v
S 2 . .
o . g Vv 9% gliLz([o,17;V)

We will next show that for £ > 0 the mapping J. : X — C([0,T]; H) is compact
using Arzela-Ascoli’s theorem. To this end first note that for g € X

g(s) = (ol 2 =gl —2) = o [ ot +0an

ELQ([OvT];V) ELZ([O,T];V’)

ta d
—J. d
/t T5Jeg(s) ds

hence

[ J-g(ta) — Jog(t)||g = ’

1 H

1 [t
<o [ lots+) = g(s o)l ds

€ t1

1

1 b2 ) 2
<L m—¢1</ ¢s+e>—g@—ew|Hw)

2¢e th

N
< VRl

Suppose now that A C X is bounded. Then A C C([0,7T]; H) is bounded and
uniformly equicontinuous, since
0—0

sup  sup [g(t1) — g(t2)|[w — 0.
|t17t2|§zﬁg€A

Now Arzela-Ascoli’s theorem can be applied to conclude that A is relatively compact
in C([0,7), H) and thus also in L2([0,T]; H).

We will prove next that

2V el

(4.6) | Jeg = gll2o,m:v7) < 3 llgllx-
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This will prove the assertion, since for g, € X converging weakly to some g € X,
is follows that J.g,, — J.g strongly in L2([0,T]; H) for all € > 0 and thus g, — ¢
strongly in L?([0,7]; H). Indeed: given & > 0, there exists C: such that

HU”L?([O,T];H) < gHU”L?([O,T];V) + OE’HUHLQ([QT];V’)
for all w € L%([0,77]; V). Therefore,
llgn — g||L2([0,T];H)
<|lgn = JegnllL2(o.13;1) + e (gn — @) 20,771y + 129 — gl L2 (10,7710
< é&llgn — JegnllL20,1:v) + Cellgn — sgn”L2( ,70:;v) + | Je(gn — 9l L2 (0,111
+ €[l Jeg = gllzz(o,113v) + CellJeg — gllL2(o,73:v7)-
We can now choose € > 0 such that
Sup CellJegn — gnll 2o, vy < €
so that
limsup ||gn — gllz2(j0,7;1) < 2581;13 lgn — Jegnll 2o,y + 26

n— oo

which implies the assertion, since € was arbitrary.

It remains to prove 1 . But this follows from
||Jsg<s>—g<s>v,—H oty —aa =L [ [ Lo wana
v € v
2 2
<o \F < (s + u) du> dt
V/

1 2\/e
<o / Vildtlglx = 25 glx
—&

and therefore

2¢/eT
17e9 = 9ll 2o,y < VT sup 17e9(s) = 9(s)lly < —5—llgllx-
EIS

O

Remark With this lemma we can now prove Theorem for continuous nonlinear
AV — V' satisfying the coercivity assumption.



Lecture 9

Variational approach to stochastic partial
differential equations

4.3. The variational approach to stochastic partial differential equations

Let (W;); be an U-valued Q-Wiener process, where U is a separable real Hilbert
space. Let V, H be as in the previous section. The following set of assumptions will
set up the basic framework for our analysis.

Monotone-coercive SPDEs
Let A: V — V' and B: V — L(U, H) satisfy the following conditions:

(V.1) Ja > 0, A, v such that

2(A(), u) + [B(w) o QI sy < —allully + Mull}y +v Vu e V.
(V.2) 3X > 0 such that
2(A(u) = A(v),u = 0) + [|(B(u) = B(v)) o VQIZ, .z < Mlu—vllf; Vu,v € V.
(V.3) IM > 0 such that
[A@)[lv: < M1+ [ully) YueV.
(V.4) Yu,v,w € V such that the mapping
A= (A + Au), w)

is continuous.

Given A and B as above, we want to solve the following stochastic evolution equa-
tion

(4.7) du(t) = A(u(t))dt + B(u(t))dW(t), u(0)= ug.
The following theorem is the main result of the variational approach to SPDE:

THEOREM 4.5. Under the assumptions (V.1) - (V.4) there exists for all ug € H
a uniquely determined adapted process u(t), t > 0, such that u € L*([0,T];V) N
C([0,T); H) and satisfying the equation
t t
(u(t),0) = (un,0) + [ (AGue). s + [ (0, Blu(s)aW (s).
0 0

For the proof we will need the following version of It&’s lemma:

LEMMA 4.6. Let ug € H, u (resp. v) be an adapted process with paths in
L2([0,T); V) (resp. L%([0,T); V")) and let M be a continuous H-valued local mar-
tingale, such that

t
u(t) = ug + /v(s)ds + M.
0
Then:
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(1) we C([0,T); H) a.s.,
t
(i) NJu@)llF = lluollF +2 [{v(s), u(s))ds + 2f ), dMy) + (M) for all't €
0
[0,7] a.s

Proor. For all £ € N we have that

t
ug(t) := (u(t), er) = (uo, e +/ yer)ds + (M, er)
0 v

is a continuous real-valued local semimartingale, such that It6’s-formula now implies
that

dud (t) = 2(v(t), ex)ug (t)dt + 2up (t)dMF + d(M*),.

Summing up w.r.t. k yields

lu()lI7 =D ui (1)

k=1
= (o, ex)? +2/Z ) ex)uk(s) ds
k=1 0 k=1
=lluoll% =(v(s),u(s))
t o0 o0
2 [ wpadt + Y (00,
o k=1 k=1
=(u(s),dM,) =(M):
This proves (ii). For the proof of (i) note that v € C([0,T]; V') (since up € H C V’
is continuous, fo s)ds € V' is continuous and M; € H C V' continuous) and

therefore it remains to show that ¢ — wu(t) is continuous in H w.r.t. the weak
topology, since (ii) implies that ¢ — ||u(t)||z is continuous.
To see the weak continuity, consider first some h € V. Then
t
(ult). ) = G )+ [ (w(0), hids + (Mo,
0

is obviously continuous. For arbitrary h € H choose an approximating sequence
(hm)m C V, converging towards h in H. Then

m_ oo
sup [(u(t), h = him)| < sup [u@®)||a |k = hmlleg =" 0.
t

t€[0,T] ;
—
Indeed, sup |lu(t)|lg < oo since u € L*>®([0,T]; H) due to part (ii) pf the lemma.
It followtse’[c(igc (w(t), hm) — {(u(t), h) uniformly w.r.t. ¢, hence
t— (u(t), h)
is continuous too. 0

We also need the following version of It6’s formula:
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LEMMA 4.7. Let ® : H — R be two time continuously Frechet differentiable
with ®' (u) € V for allu € V and such that u — @' (u), V. — V is continuous w.r.t.
the weak topology and ||®'(u)||v < M (1+ ||ullv). Then the following Ité-formula
holds:

¢ ¢ ¢
B(u(t) = u)+ [ (0(6), @ uls))ds+ [ (@(us)). a5 [ or(@" () Q) ds.
0 0 0

Here, Q(s) is the integrated covariance of M, i.e., the nonnegative semidefinite and
symmetric linear operator defined by
t

(@i ghuds = (1.1, (M. g) ).
0

The proof of the Lemma is an exercise.

PROOF OF THEOREM [£.5].

Uniqueness Let u,v € L2([0,T]; V)N C([0,T); H) be two adapted solutions of
(4.7). Define the stopping times

= nt{t € 0.7): Julo)lfy > o o) or [ [u(s)[f v [e()ds > n).

Then 7, nﬁf T a.s. and Lemma applied to u — v, yields:
t

lu—vlFr = 2/<A(U(5)) — A(v(s)), u(s) — v(s))ds

+2 /<U(S) —v(s), (B(u(s)) = B(v(s)))dW (s))

0
+ [ 1B = BE) o VAR wmds
0
"2 al) = (51 (Buts)  Blo()aW (5)) + / lu(s) — v(s)3ds.
0

martingale up to 7, for all neN

Taking expectations yields

t
E(u(t Arn) —vo(t ATa)lF) < / (lu(s A 7a) = v(s A 7o) ) ds
0

so that Gronwall’s lemma now implies that
lu(t A7) —vEAT)|HE=0 as.
Taking the limit n — co we obtain that
u(t) —v(t) as.
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which proves uniqueness.

The proof of existence is carried out in the following two lemmata. O

Again, let V,, = span{ey, ..., e, }.

LEMMA 4.8. For all n there exists an adapted process u, € C([0,T];V,,), such
that
(4.8)

(un(t), ex) = (un(t), ex) = (uo, ex) + / (un(s)), ex)ds + / By (un,(5))dW™(s)
0 0

where
e Bp(u)h := nB(u)h, k),
o Wn(t):= > (W(t), fi) fi, with (fi) being a CONS of U.

I=1
(W.lo.g. let (f1) be eigenvectors of Q with corresponding eigenvalues A; > 0.)

LEMMA 4.9. The following a priori estimate holds:

upE | sup Jun(®lfy + [ un(9)ds | < oc.
n te[0,T]

We will postpone the proof of both lemmata and first complete the proof of the
existence part of Theorem [L.5]

Proof of existence part of Theorem
Lemma implies, that the sequence (u,,), is bounded in L2(Q2; C([0,T]; H)) N
L?(Q7; V). This implies, using assumption (V.2):

(i) (A(up)n is bounded in L?(Qp; V') = L2(Q; L2([0,T); V")),

(i) (B(un)ovQ)yn is bounded in L?(Qr; Lo (U, H)) = L2(9; L2([0, T); Lo (U, H))).

Hence there exists a subsequence again denoted with (uy,)n, such that
(i) w, — u weakly in L*(Q; L*([0,T]; V),
(i) A(u,) — g weakly in L2(2; L2([0,T]; V")),
(iii) B(un) o /Q — & 0 /Q weakly in L?(Q; L*([0,T); L2(U, H))).
We can take the limit n — oo in (4.8) and deduce from this
t

(ult), ex) = (o, ex) + / (9(s), ex)ds + / (ex.€ 0 QAW (s)

0 0
It remains to prove that
LEMMA 4.10. g = A(u) and £ 0+/Q = B(u) o /Q.

PRrROOF OF LEMMA [£.8 We can rewrite the integral equation (4.8 as a finite-
dimensional stochastic differential equation

(4.9) i, (t) = Al (t))dt + Bt (£))dW™ (t)

where
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o u,(t) = i,(tn,(t) and
n
in:R”HVnCKﬂr—)Zﬂkek
k=1
denotes the natural embedding,
o A(d) = m,A(int) and
TV —R", u— ((u,er))i<k<n
denotes the natural orthogonal projection,

o B(@) = (Bi(in@))k=1,...n,
o Wn(t) = ((W(t), fi))i=1,....n for some CONS (f;); of U.

Clearly, A and B are continuous and

2(A(in) — A(ti), @iy — G2)ge + ||(B(i1) — B(@i2)) o v/QlI2n
= 2(A(intn) — A(in2), inly — inliz) + [|(B(inu1) — B(intz)) \/>HL2(U H)
< Ml (i — i2) |3

= Alar — azfzn
and similarly,

2(A(@), @) + || B(@) 0 QI < —allindl} + Allindl3; + v
< Ainii|[3 + v.

Now existence and uniqueness of the (probabilistically) strong solution to (4.9)
(and therefore also to (4.8])) follows from standard results on solutios to stochastic
differential equations (see, e.g. Wahrscheinlichkeitstheorie IIT). g

PRrROOF OF LEMMA [4.0]

Applying Itd’s formula to(4.8]) yields
<un(t)76k>3{ = UO,ek / k) (un(s), ex)ds
0
t
+2/ ), €) Bi (un (s))dW™(s)
0

+Z/Bkun N(VQf)*
0

=1
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Summing up w.r.t. k=1,...,n yields

n

lun 17 = ( (uo, ex)? +2/ k) (un(s), ex)ds

k=1 0

<luwoll%

+2 [ (un(s), ex) Bi(un(s))dW™ (s)

o

(4.10)

20ft U (8),B(un(s))dWn(s))

n

+Z/Bkun )V Qf)? s).

=17

<[|B(un(s))o \/7“L2(U H)

Indeed, recall that By (u)h := (B(u)h,ex), k =1,2,...,n and in the following write
By (u) == (B(u) fi,ex)  k, 1 =1,2,...,n
Then
w)dW" (s By.i( i
Z ; )
and (BL) are 1-dimensional Brownian motions with covariance

d<ﬁilvﬁé2> = <Qfl17flz>UdS = ||\/afll||25117l2 ds?

since f; are eigenvectors of . Consequently, the It corrections term for (u,,(t), ex)?
has the form

Z/ By, 1 un Bk J2 ’U,n ||\/>fll|| 611,12 ds

l1,l2

=3 [ Bualualo) V@R

Summing up w.r.t. k=1,2,...,n yields the It6 correction term for |lu, ()|?:
S5 [ Bt V@A ds
k=11=1

—Z/ww% DA IVERI? ds

=[B"(un(s))ovQfill3

t/nB"un>>o¢@ﬁdamds
slnm%@w¢@&mmw
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Taking expectations and using (V.1) we obtain that
t t

Ellun®7) < lluollz — a/E(Ilun(S)II?/)ds + A/E(Hun(S)H}‘if)ds +wt

0 0
t

< lually + 07+ A [ Elua(5)Fy)ds
0
Gronwall’s lemma now implies that
E(llun (1) < (JuollF +vT)e* < (luollFr +vT)er
It follows that

T T
@ [ Ellun(s)IR)ds < Jually + 07+ X [ E(fun(s) Br)ds
0 0

< NluollFr + e, uo s 2w+

The upper bound on the right hand side is independent of n which proves the
boundedness of the second term.

In order to control the first term E (SUPte[o,T] [lwn (t) ||§{) we have to derive an upper

bound of
t

sup e M lun (8)[|F < [luollF+ sup e M+ sup /e‘“m(s),B(un(s))dW”(s»-
te(0,T] te[0,T] tE[O,T]O

But, the Burkholder-Davis-Gundy inequality implies
t

E| sup / € (t(5), Blutn(3))dW" (5))

te(0,T)
0

< const. E /zn:e ¢ B(un(s)) o /Qf)?ds
1=1

=

T

C.s. .
2 const. E | sup e ¥ {lun(®)lln / A=) B (un(5)) 0 /QI2 010y
te[0,T]
0
Y 2 ’
oung | _ const.
< 2E<Sup e ”||un<t)|?r>+ 5 E / M Bun(s)) 0 V@I, w.myds
te[0,T7]

0

(V.3) T
< E(+S flun(s)l5,ds
0

Hence
E| sup |un(t)]% | < const.
te[0,T]
where the constant is independent of n! This proves the boundedness of the first
term, hence the assertion. [l
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Proor or LEMMA 14.10L

We apply again the ”monotonicity-trick”. To this end assume w.l.o.g. that (V.2)
holds with A = 0 (otherwise consider A(u) — Au). Then

T

/2<A(Un(8) = A(v(5)), un(s) = v(s)) + 1(B(un(s)) = B(v(s)) © QI 177ryds < 0
0
for all v € L2([0,T]; V). Weak convergence implies that

o f(A( n), UVyds — f (g, v)ds for all v € L*([0,T]; V),
0
. fT(A(v, U )ds — f<A(’U),’LL>dS for all v € L2([0,T]; V),
0 0
° f )o/Q,B(v)o \/7>L2(U,H)d5_>§[1<§O\/@,B(U)O\/@>L2(U’H)d8 for

all vE LQ([O,T];V)
weakly in L2(Q2). Suppose we have in addition that
(4.11)

]E( 2(g )+ lI€e f||L2(UH)d5)

O\ﬂ

T T
< liminf B ( 2t ends + [ 1Bunts) o Jéniw,mds> -
0

n— o0
0

It then follows for all v € L?(Q; L?([0,T];V)) that

0

E(/ 2(g(s) — A(w(s)), uls) = v(s)) + | (€ = B(v(s)) 0 /Q ||L2(UH>ds)<o

since

E(/2<9(8)—A(v(8))w(5) v(s)) + (€ = B(v fIILZaJH)dS)
0

T T
< lirginf]E (/ 2(A(up) — A(v), up — v)ds + / I(B(uy) — \fHLz(U H)ds)
0 0
(V.2)
<0.

Choosing first v = u we obtain that

T
E (/ €0 /Q— B(u)o \/QHQLQ(U,H)dS) <0.
0

Since ||| £, (v,7) > 0 this implies

£04/Q=B(u)o/QP—a.s.
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But then .
E /@@»—Mmaxw—ww»@ <0

for all v € L?(Q; L*([0,T);V)). Choosing this time v = u — fw, with § > 0 and
w € L2(Q; L2([0,T); V)) arbitrary, yields
T
0E /(g(s) — A(u(s) — Bw(s)),w(s))ds | <O0.
0

Since A is hemi-continuous (due to (V.4)) we have that § — (A(u — fw),w) is
continuous. Hence taking the limit 6 ~\, 0 implies that

T

E /@@—AW@%MWM <0,

Since w was arbitrary, we conclude that g(s) = A(u(s)) a.s.

It remains to establish inequality (4.10]). To this end note that (4.9) implies that
T

E /um%@» w()) + [ Bun(s)) 0 V@I, 11y

0
> E (lun(T)II7) = lluoll3-
Hence (4.10) follows from the inequality

liminf E (lun(T)[3) 2 E (u(D)3) .

which is a consequence of the weak convergence of wu,,(T) — u(T) in L?(Q; H)
along some subsequence. O

EXAMPLE 4.11 (stochastic heat equation with multiplicative noise). Consider
the stochastic bilinear heat equation

1
Opu(t,x) = §8mu(t,x) + 00, u(t, x)0Wr, u(0,x) = up(x)
with # € R. In this case
1) A(w) = tuy, : HY(R) C L3(R) ~ L2(R) c (HY(R)) and
(1) Au) =5
1 1 1 1 1
oy A i = 5 [ wasude = =5 [ usads = =5 [ o = <3l 3 ulfy
(2) B(u)h = 0,uh with
U=R
| B(u fHLg(UH) [[0zu 0 \/QHZLQ(U,H) = Haﬂcu”%%R)v

(3) (Wy) is a 1-dimensional Wiener process (hence standard Brownian mo-
tion), i.e. U =R.

In this case the coercivity assumption (V.1)

2(A(u),u) + || B(u \/;”L2 UH) = - l)Haztu”QL?(R)
is satisfied if and only if |9] < 1.
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In the case 8 = 1 we have that
u(t, z) = ug(x + Wy)

is an explicit solution, in the case § = —1 we can consider u(t,z) = ug(z — Wy).
Indeed, an applications of Ito’s formula yields for ug € C?(R)

t
1
ug(x + Wy) = uo(z) + /@Euo(x + We)dWy + 3 /3mu0(x + Wy)ds
0

t

t
= up(z) + /qu(s,x)dWs + % /um(s,x)ds
0 0
It is clear that u(t,x) = up(x + W;) has the same spatial regularity as ug, hence
there is no regularizing effect in the case and the equation becomes hyperbolic.

In the case 8§ = 0 the spde reduces to the deterministic heat equation with

explicit solution
_@=y? v)2

u(t,x) =

\/ﬁ uo(y)dy

In the case |#] > 1 we obtain that
2(A(u), u) + [|B(u) o VQ|I* = ~(1 — 6*)]| 0 ull72

which corresponds to a backward heat equation Wthh is no longer well-posed.
Can one detect these effects in numerical simulations?



Lecture 10

Variational approach to stochastic partial
differential equations

4.4. Compactness method for solving SPDEs in the variational setting

We keep the assumptions (V.1) and (V.3), i.e.
(V.1) 3a >0, A, v such that

2(A(u), u) + 1B(u) o VQllLo(u,my < —allully + A3 +v
(V.3) M such that
[A@)lv: < M(1+ [[ullv).
This time we assume in addition
(V.5) IM, 6 > 0, such that

1B(w) o /@l iy < M1+ Jully~)

corresponding to sublinear growth since § > 0.
(V.6) V < H ist compact, i.e., bounded subsets of V are precompact in H.
(V.7 u > A(w) 1 Vweak NH — V., is continuous,
u > B(u) : Vigeak N H — Lo(U, H) is continuous.

DEFINITION 4.12. A probability measure P on (£2, F) is called a solution of the
martingale problem associated with the SPDE (4.7))

du(t) = A(u(t))dt + B(u(t))dW (t), u(0) = ug
if
(i) P(u(0) = uo) =1,
(ii) the stochastic process

M; = u(t) — u(0) — | A(u(s))ds

S— .

is a continuous H-valued P-martingale with associated increasing process

(M)r = | B(u(s)) o Qo B(u(s))"ds.
/

The second condition in the above definition is equivalent to the following condition:

(ii’) Let (e,) be a CONS of H consisting of elements e, € V. Then for all
i>1 ¢ € CER), 0 < s <t and any ¢, continuous, bounded and
Fs-measurable:

E |(M{¥ — M>)®,| =0,

1
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where

THEOREM 4.13. Under the assumptions (V.1), (V.3) and (V.5)-(V.8) there
exist a solution P to the martingale problem associated with (4.7]).

PROOF. We consider the same Galerkin approximation as in the proof of
V., := span{ey, ..., e, } for some CONS (e,,) of H consisting of elements e, € V. Let
II,, be the orthogonal projection in H onto V,,. Then there exists for alln > 1 a
solution P, on (€2, F), such that

(0)n supp(Pr) C C([0,T7; Vi)
(©)n, Pn(u(0) =,ug) =1
(ii),, Vo € CZ(R) and @ continuous, bounded and Fs-measurable

E, [(M7% - M;W)cbs} =0.
P, is obtained as the law of the corresponding finite-dimensional stochastic differ-
ential equation.
Suppose now the following lemma holds:

LEMMA 4.14. The sequence of probability measures (P, )nen is tight on ).

Continuing the proof of Theorem [4.13

Lemma implies that we can extract a subsequence, again denoted with (P,),,
such that P, = P weakly on C([0,7]; V) C C([0,T]; H). The limiting probability
—_————

=0
measure P satisfies condition (i) and the mapping

Q—R, we (M (w)— M (w)®,(w)

is continuous on §2.
The coercivity assumption (V.1) together with Lemma implies that

T
supl, | sup Jult)|+ [ fu(®lfds | <oc.
neN te[0,T)]
0
In particular, we obtain for some p > 1 (depending on ¢ in (V.5))

supE, (|Mti’“” - MSW|”> < 00,
neN
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since,

M;# = M2 = o({ult), &) — @((uls), ¢:))
bounded

4 / & (u(r), ) (A(u(r)), ex) dr

s bounded (v.3)
< MQA+{lu(r)Iv)llesllv

—_
-~

+3 / " ((u(r), e:)) (B o Qo B*)(u(r))e;, e;) dr,

s bounded (V.5) 2(1—6
< M (1 1 ey

[\

so that

- 1-6
i ivo w.l.o.g. 9

M7 = 229 | < Mooy | 14 [ (@)l ds

<1 J

and we can choose p = 115 > 1.

It follows that

lim B, (M2 = Mi#)0,) =B (M) - Mi¥)a,) =0,
which implies (ii). Indeed, for all K > 0,
Uy = (—K)V (Mf’“’ - M;'#’) NK
is bounded and continuous. Furthermore,
[En (W= (M;? = MJ#%)) @,
< PsllocEn (\MZ’W - M§7W‘1{|Mf"'°7M§""\ZK})
< 19, gy B (105 — M)

unif. in n
—

for K /oo

0.

Consequently for all K:
lim |E,[(M]¥ — M!)®,] — E[(M;? — M¥)2,]|
n—oo
< | @s]loo limsup (B, (|(M[? — Mi?) — Wi|) + E(|(M;¥ — ME¥) — Uil)))
n—oo

%0,

O

It remains to prove Lemma [1.14]

PRrROOF OF LEMMA [L. 14l  Let

e 71 be the weak topology on L2([0,T]; V),
e 75 be the uniform topology on C([0,T]; V'),
e 73 be the strong topology on L?([0,T]; H).
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We will show that (P,), is tight w.r.t. all three topologies. It will then follow
that there exists some subsequence, again denoted with (P,),, and a probability
measure P on C([0,7]; V') N L2([0,T]; V) such that

n—oo

E,(®(u)) = lim @dPn:/CDd]P’

for all bounded ® that are continuous w.r.t. 7;, for some ¢ = 1,2, 3.

For given [ and k let

K = {ue ([0, TV )N L*([0,T) V) | sup [lu(t)|m < l,/IIU(t)II%dt < k}.
t€[0,T]

The a priori moment estimates on the Galerkin approximation imply that P, (K¢)
can be made arbitrarily small for large | and k uniformly in n € N.

1. 7i-tightness This tightness follows from boundedness of K C L?([0,77]; V) and
the fact that bounded subsets in separable Hilbert spaces (like L2([0,77;V)) are
relatively weakly compact (Banach-Alaoglu).

2. 7o-tightness We have to show that for all h € V with ||h|ly = 1, the set of
functions

{t = (u(t),h) :ue K}

is a compact subset of C([0,71).

But this follow from Arzela-Ascoli’s theorem, since

(i) sup [{u(t),h)m| < oo
ue K
IR]lv <1
(i) sup sup |{(u(t),h) — (u(s),h)] — 0 for § \, O since, w.r.t. P,

ueK |t—s|<é
IRllv <1

t t

(), B) — {u(s), h)| = / (Au(r), hydr + / (. B (u(r)dW™ (1))

S S

<M 1+/||u(7")||vd7“ /h B (u(r))dW" (r))
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")

/ B (u(r))dW™ (r))

In order to control (x), consider

]En< sup j(h,B”(u(r))dW"(r))

rels,t]
s

p
=E, | sup
rels,t]

Burkholder-
GD\?;;E; = Cp ((/ HhHH HB \/>‘|L2(UH) dT) )

<M (1+||u(r)]l7~°)?

< 2%e Mpnhnpﬁn(((t—s /H 20 ‘”d) )
%(1—6)
95+ cpMp||h||P ((t—s)’§+(t—s)55]]<3n (/ ||uT||%,dr) >

Py » P(l 8)
<927t cpMP||h||P ((t—3)2 —|—sup< </ ||uT||Vdr)> (t—s)

t— SI\

/\

w\'e

)

0 uniformly in ||h|y =
3. 73-tightness This will follow from the next lemma. O

LEMMA 4.15. Given a sequence (uy)n, bounded in L2([0,T]; V)N L>([0,T]; H)
and equicontinuous as V'-valued functions, such that u,(0) — ug strongly in H,
one can extract a subsequence strongly convergent in L*([0,T]; H).

PRrROOF. We will use the following fact: Ve > 0 Je. such that for all uw € V:
lullar < ellully + cellullv.
Indeed, otherwise we could find € > 0 and a sequence (u,,), such that
[unllz = ellunllv + nllunllv.

But then, using u, := and

Un
llwn I
L= ||tnllg 2 elltnllv +nlldn|lv-,

we can extract a weakly convergent subsequence @, — @ € V for some @ € V,
hence strongly convergent in H. Since

1
lallv: = lim ||y < = "=30,
n—00 n

we obtain that @ = 0, which gives a contradiction, since @ # 0.

We know that there exists a subsequence (u,, ), converging to some u € C([0,T]; V'),
hence also in L?([0,T]; V'). Clearly, u € L%*([0,T]; V), hence for all £ > 0 there
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exists some ¢, such that

n—00 n—oo

T T
tinsup [ lua(0) ~ u(®)lfye < limsupe [ uat) — u(o)
0 0

n—oo

T
—|—limsupc€/||un(t) —U(t)”%ﬂdt
0

=0

<eT sup ||Un(t) - ’U,(t)H%/
te[0,T



Lecture 11

Variational approach to stochastic partial
differential equations

4.5. Generalization of Theorem [4.5]

We again consider the Gelfand triple V < H = H' — V' for separable real
Hilbert spaces. Let us now formulate generalized conditions given in the monograph
[Prevot/Réckner: A concise course on SPDE, Springer] such that the main result,
Theorem on existence and uniqueness of a variational solution to

du(t) = A(t,u(t))dt + B(t,u(t))dW (t),
still holds true.

Again, let (W (t)) be some Q-Wiener process on a separable real Hilbert space U
and suppose that
o A=A(t,u,w): [0, T xV xQ — V'
e B=DB(t,u,w):[0,T] xV xQ — L(U,H)
are progressively measurable. In the following we will suppress the w-dependence,
just writing A(t,u) und B(t,u).
The generalizations of (V.1)-(V.4) are then given as follows:
(V.1) 3a > 0,p €]1,00[, A € R und an adapted process f € L'([0,T x Q, dt ®P),
such that
2 w),u) + B 0) o V@I 0y < —allully + Melly + £(0),
forall u e V.
(V.2) 3\ € R, such that

2(A(t, wr) — A(t, uz), ur — ug) + [|(B(t,ur) = B(t,uz) o Q| < Mur — usly,

for all uy,us € V.

(V.3) 3M > 0 and an adapted process g € L7 7([0,T] x €, dt ® P), with the
same p as in (V.1), such that

At w)lvr < g(#) + M juff

for all uw e V.

(V.4) Yu,v,w € V and Yw € € the mapping

A (At u+ Av,w), w)

is continuous.

We then have the following analogous result:

THEOREM 4.16. Under the generalized assumptions (V.1)-(V.4) there exists for
all ug € H a unique H-valued contiuous adapted process u(t),t € [0,T], such that
we LP([0,T) x Q; V)N L2([0,T) x Q; H) satisfying the equation

t t
(ult), ) = (u0,0) + [ (A, (), s + [ (0. Bls,u(s))aW (5).
0 0
1
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The proof is similar to the proof of Theorem [£.5] It requires the following general-
ization of It6’s formula:

LEMMA 4.17. Let ug € H and u (resp. v) be an adapted process with u €
LP([0,T] x Q; V) (resp. v € L%([O,T] x Q; V")) and let M be a continuous local
martingale with E((M)r) < oo (hence L?-bounded) such that

u(t) =uo + [ v(s)ds + M.
/

Then:
(i) we C([0,T); H) a.s. and E < sup ||u(t)||%1> < 00
t€[0,T]

(i) [Ju()IF = ||u0||2H+20fV’<U( u(s )>vds+2f s), dMs) + (M),

Remark Note that

t
[t utspias < / lo()llv- u(s) v ds
0

1

¢ 5ot
Holder ﬁ »
< l[o(s)Il7 [u(s)lIVds | < oo
0 0

t
is integrable, hence [(v(s), u(s)ds) well-defined.
0

=

The novelty in this Lemma is the additional integrability E (suptE[O,T] [lu(?) ||§{> <
00, that can be proven as follows:

First note that

t

lu()I1F = lu(s)l7 + 2/<v(r),U(7’)>d5 + 2(u(s), M(t) — M(s))

S

M () = M(s)ll; — [lu(t) —uls) — (M(t) — M(s))|I%

which implies for s <t

Sl
Cl

T T
lu(®)Il < 2llu(s)ll+2 /HU(t)III{’/dS /Ilv(t)llx’}%dt +2|[ M (t) — M(s)|[3;-
0 0
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Hence

P

te[0,T]

T % T
E(wgmw%>smw%+m /mwmﬁ E /wwwﬁﬁ
0 0

+2E ( sup |M(t)||§1> < 0.
t€[0,T)

) 2
2 <2_1> B(IM(T) %)
—_———

=8

PROOF OF THEOREM [4.16l The proof of uniqueness is exactly the same as in
Theorem For the proof of existence we need the following a prior estimate on
Galerkin approximations: U

LEMMA 4.18.

T
supE | sup ||un(t)||§{+/\|un(s)|\@ds < .
neN t€[0,T] 5

PROOF. Similar to the proof of we apply Itd’s formula to obtain
t

(Un (1), er)? = (ug, ex)* + /<A(s,un(s)),ek><un(s),ek>d5

0

+ 2/(un(s),ek>Bk(s,un(5))dW”(5)
0

+ > Buls, un(s)) o (VQfi)*ds

=1
and thus

e M@ < lluollzr + 2/6*“ ({A (s, un(s)), un(s)) = Mlun(s)[17) ds
0

t

+ [ €7 (un(s), B(s, un(s))dW" (s))
/

+/f“wwmmwo¢@mmm@

0
t t

Smm%fa/E“MMWW@+/€“ﬂ®@
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Taking expectations we first obtain that
¢ t

e NE (un(s) ) + o [ ¢ NE (lun(s) ) ds < uolly +E | [ e 7(s)ds ).
0 0

<oo

hence

T T
6>\T
B [lu@lds ) << (uoli+E | [176)0ds ] ] <o
0 0

uniformly in n. This proves the upper bound for the second term. For the first
term we
t s

St[lop]e“\lun(S)Hif < IIUOII%+/6’ASIf(8)Id8+2 s?op]/e“<un(r),B(nun(r))dW"(r»
se(0,t s€(0,t
0 0

and using the Burkholder-Davis-Gundy inequality

t
E < sup eksllun(8)||%> < [luoll; +E /6’“|f(8)|d5

s€[0,t
(0,t] 0

1
+SE | sup e M luq(s)|%
2 s€[0,t]
t
const.?

5B [ [ B un(5) o VR, 0 ds

0

(v.3) t
< Ufe*ASO(AHun(S)||?1+f(5)+9(8)+MHun(S)H’\'})ds

hence

T
E ( sup 6A5||un(8)||12q> < 2||uolf; + 2E /€*A5(2|f(8)| +lg(s)])ds

se(0,t
0,t] A

T
+2ME | [ (o) as
0

t
+)\/]E sup e M |lun ()13 | ds,
A TE[O,S]

which yields the upper bound for the first term, using Gronwall’s lemma. O

ExAMPLE 4.19. Consider the following SPDE
ow
(4.12) Ou(t,x) = (Ogzult,z) + f(t,u(t, z)))dt + U(t,x,u(t,m))ﬁ(t,x).
(4.12) is called a stochastic reaction-diffusion equation since the right hand side is

a superposition of diffusion generated by the Laplace operator and a (nonlinear)
reaction term f(t,u). We consider (4.12) on the unit interval for z € [0, 1] with
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Neumann boundary conditions for the Laplace operator. Furthermore we assume
that o are f continuous in (¢, x,u) and satisfy:
(N.1) f(t,z,u)u < —m|ul? + Mu? + fo(t,z) for all u € R,
(N.2) For u,ui,us € R and some A\g € R:
(1) (f(t,z,u1) = ft,@,u2))(ur — uz) < Ao(ur — u2)?,
(i1) (o(t,x,uy1) —o(t,z,u2))? < Ao(uy — uz)?,
(i) o®(t,x,u) < Aou?
(N.3) |f(t,2,u)| < g(t,x) + Mu[P~! for some g € L*([0,T] x [0,T]), M > 0.
Condition (N.3) implies, that the operator A(t,-) : V — V' (with V = H2(0,1))
is well-defined, since |u/|co < V2|ul|v:

1

1
weV = lu(z) - / u(y)dy| < / () — u(y)dy < Ol 2
0 0

= [u(@)| < [[Dur] Lz + ullz < V2]uly.
This implies for the operator A(t,u) = Ozpu + f(¢, z,u) that

1 1
|<A<t,u>,v>|‘ [ownvas + [ g0 i
0 0

—_——
=— fol Opudyv dx
1

1
< IIUI|v||v||v+/g(t7$)dx+M/IU(x)Ipfllv(f)ldff
0

0

-1
Sl llvlly

so that
1

JA(t )l < e+ / o(t, x) d + Ml
0
which implies that condition (V.3) holds.

Let (W (¢))¢>0 be a Q-Wiener process on H. Then using (N.2):
(o (t, 2, u1) = o(t,,u2) o QI iy = D (ot w,u1) — o (t,2,u2))* v/ Qex | Fr

k>1

<> Ao/(u1 —u2)?(x)(v/Qex)*da

k>1

< Nl v,y llur — uallv-
Hence for \o[v/@Q|2 Jwom) < 1t

2(A(t,ur) — A(t,ug), ur — ug) + (o (t, ur) — o (t, uz2)) o VQIZ, w.m)
—2/5w(u1 —u)?(z)dz + 2Xo[lur — ua 72 + Mol v/ QI 11y llur — uall5

Mol QI v,y = Dllur = w2} + 20 + Dllur — ualf3;
which implies that (V.2) holds with A = 2(A\g + 1).

IN

IN
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Similarly,
2A(t, u), ) + ot ) o VDI, wm)
< 202 + 20| VA2, o ull? —m / fufPdz + A / Pde + / folt, 2)de

<2 (ol — 1) lully = m / fu() Pz + (A +2) / o + / folt, 2)da
which implies (V.1).

Condition (V.4) is satisfied due to the joint continuity of f and o in (¢,x,u).
We can now apply Theorem to obtain a unique variational solution of the
stochastic reaction-diffusion equation

Duult, ) = Der(t, ) + (1, u(t,2)))dt + (1,2, u(t, ) (1),



CHAPTER 5
Lecture 14

Stochastic reaction-diffusion equations

5.2. SPDEs and associated Markov processes
Consider the general stochastic evolution equation

{dX(t) = [AX(t) + B(X ()] dt + C(X(t))dW (t),

(5.1 X(00) =¢€H

on some separable real Hilbert space H. Here, (W (t));>0 is a cylindrical Wiener
process on a possibly different second separable real Hilbert space U (hence co-
variance operator Idy ), defined on some underlying probability space (€2, F, P),
and adapted to some filtration (F3);>o that is assumed to be right-continuous and
complete in the sense that F{ contains all P-null sets.

5.2.1. Transition semigroup and Markov property. Suppose that for all
initial conditions £ € H (5.1) has a unique mild or variational solution X (¢,¢) and
that the family of transition probabilities

e p(z,A) =P (X(t,z) € A) ,H =R

is measurable for all ¢ > 0 and A € B(H). In this case the family of transition
probabilities defines a stochastic kernel on (H,B(H)) with associated integral op-
erators

PF(z) = E(F(X(t,x))),t>0.
operating on the space B,(H) of bounded Borel measurable functions F' : H — R.
The unique solution of then satisfies the following (simple) Markov property

E(F(X(s+t,€) | ) = PF(X(5,6)  P—as.

for any s, t > 0, which implies the Chapman-Kolmogorov equation P4, = P; o Py,
i.e., the semigroup property for the family (P;):>o.

DEFINITION 5.1. (P});>0 is said to have the Feller property if P,(Cy(H)) C
Cy(H) for all t > 0. Here, Cy(H) denotes the space of bounded continuous functions
F: H —R. If in addition P,(By(H)) C Cy(H) for all t > 0, (P;):>0 is said to have
the strong Feller property.

The (strong) Feller property of a semigroup (P;);>o of Markovian integral operators
has been identified in the classical theory of Markov processes on a locally compact
state space as a generic property that implies the existence of an associated (strong)
Markov process (see [I]). A large part of the potential theory, developed for (strong)
Markov processes on locally compact state spaces, can be carried over to the case
where the transition semigroup associated with is (strong) Feller.

A sufficient condition for the Feller property is the continuous dependence in prob-
ability of the mild solution X (t,x) w.r.t. its initial condition, i.e., limy, oo || —
z||lg = 0 implies

lim || X(¢,x,) — X(t,2)||g =0 in probability

n—oo

1
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which holds under the following estimate
(5.2) E(IX(t2) = X(ty)lFH) < Cille —yll%

for any two initial conditions z, y € H, using Chebychev’s inequality. Estimate (|5.2])
is implied by the assumption (H.1) made in Chapter 3 (resp. (V.2) in Chapter 4)
for the main existence theorem of a milde (resp. variational) solution. Various
generalizations can be found in the literature, see for example [3].

5.2.2. Kolmogorov operator. As emphasized in the previous subsection the
Markov property of the solution of implies the semigroup property for the
associated transition semigroup (p¢):>o (resp. for the corresponding integral opera-
tors (P;)t>0). The function P,F' should formally satisfy the (forward) Kolmogorov
equation

d

(5.3) ZPF(x) = LPF(x)
where
1 * l/ * 7/
(5.4) LF(x) = B tr(C(x)C(z)*F"(x)) 4+ (x, A*F'(z)) g

+(B(x), F'(z)) 1

is called the Kolmogorov operator associated with in honor of Kolmogorov
who was the first to formulate and to solve the forward and backward partial
differential equations satisfied by the transition probabilities of one-dimensional
diffusion processes (see [12]). Note that L is a differential operator of second
order and its precise domain of definition consists of all twice Frechet-differentiable
functions F' : H — R satistying F'(z) € D(A*) for all x € H. An appropriate
subspace of smooth test-functions is provided by the space

FCHD(AY) = {F(z) = ¢ ((z,e1),.... (x,en)) [ n > 1,0 € CF(R"),
e1,...,en € D(A")}
of twice Frechet-differentiable finitely based cylindrical test functions. If F' €

FCZ(D(A*)) admits the representation F(z) = ¢((z,e1),...,(z,e,)), then (5.4)

reduces to the following expression
1< R
LE(x) = 5 ) (C@)C(@) e, et)pua (2, 01), - .. @, €n))

k=

[

3

+ (<CC, A*ek> + <B(I)’ 6k>)(pﬂ%(<xv 61>a R <:E,6n>) .

=1

b

The importance of the Kolmogorov operator consists of the fact that it is explicitly
given on smooth functions in contrast to the transition semigroup and that many
quantities associated with can be estimated using L rather than (p;);>0. The
drawback of the Kolmogorov operator L however is that it might not uniquely
determine the transition semigroup because the solution of the forward Kolmogorov
equation might be nonunique. Rigorous results concerning existence and uniqueness
of solutions of equation in the infinite dimensional case can be found in the
monograph [6].
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Suppose that for all x € H (5.1) has a unique strong solution (X (¢,z))¢>0 with
initial condition z. Then Ito’s formula (see Theorem 4.17 in [5]) implies for suitable
F in the domain of definition of the associated Kolmogorov operator L that

F(X(t,z)) = F(z) + / LF(X(s,x))ds
(5.5) 0

" / (F(X (5, 2)), C(X(s,2))dW (s)) .
0

1t B (Jy ILF(X(s,2))] + 10 (X (5, 2) F'(X(5,2))|*ds) < oc, ¢ = 0, then ()
implies, taking expectations, that

P.F(z) = F(x) + /Ot P.LF(x)ds

so that similar to (5.3))

d
but with P, and L interchanged. It requires further mathematical theory to iden-
tify sufficient conditions under which both equations (5.3)) and (5.6) are in fact

equivalent.

5.3. Invariant measures

Many important properties of random dynamical systems modelled by can be
read off from the long-time behaviour of its solution (X (¢))¢>0. One can distinguish
between its pathwise behaviour and the statistical behaviour given in terms of the
transition probabilities (p;);>0. In this section we will concentrate on the latter
and introduce the basic concepts needed for a study of the long-time behaviour of
(pt)e>0 and the associated semigroup (P;)>0.

An important question in the understanding of the qualitative behaviour of (X (¢)):>0
for large time is the existence of stationary states of its transition probabilities,
since they correspond to a situation where the system described by (X (¢));>0 is
in equilibrium. In contrast to the deterministic case, this is meant as a statistical
equilibrium rather that a pathwise equilibrium. Further questions then address
the qualitative properties of stationary states, e.g. their stability properties and
support properties.

It is natural to define a stationary state for the transition probabilities (p¢)¢>o of
as a probability measure p on H having the property that if the solution X (¢)
has distribution p at some time point, say tg, then the distribution of X (¢) will be
the same for all later times t > ¢, hence invariant under time evolution. Using the
Markov property this implies in particular for all s > 0 that

/PsF(x) p(dr) = E(PF(X(t))) = E(E (F(X(to +5)) | 1))
= B(F(X(to+5)) = [ Flo)utdo).
An important subclass of stationary states are given by the class of (time-) reversible

states for (X (¢))¢>0. By this we mean a probability measure p with the property,
that if the solution of (5.1]) has distribution u at time ¢, the joint distribution of
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(X(t),X(t + s)) is the same as the joint distribution of the time-reversed process
(X(t+s),X(t)). In particular,

E(F(X®)G(X(t+5)) = E(F(X(t+5)G(X(1)))

or equivalently, using the Markov property,

/ F(x)P,G(x) p(dz) = E (F(X(t)) P.G(X (1))
— E(F(X()E (G(X(t +5)) | 7))
— B(F(X()G(X(t +5)) = B (F(X(t + ) G(X (1))

= /PSF(x)G(x) p(dz) .

Since the semigroup (P;):>o associated with is in most cases not explicitely
given, it is convenient to look for alternative characterizations of invariance and
reversibility in terms of the associated Kolmogorov operator L. This motivates the
following

DEFINITION 5.2. A probability measure p on (the Borel o-algebra of) H is
called

(i) invariant if
/Pth,u = /qu Vt>0 VF € By(H),
(ii) infinitesimally invariant if
L(FCZ(D(A%))) € L*(p) and /LF du=0 VF e FC}D(AY)),
(iii) reversible if
/PtFGdu = /FPtGd,u Vt>0 VF,G¢€By(H),
(iv) symmetrizing if L(FC?(D(A*))) C L'(u) and
/LFGd,u = /FLGdM VF,G € FCZ(D(A¥)).

REMARK 5.3. Under weak assumptions on the coefficients, the following impli-
cations hold:
i reversible = 44 symmetrizing

¥ ¢

W invariant = p infinitesimally invariant

The implications “u reversible = pu invariant” (resp. “u symmetrizing = pu
infinitesimally invariant”) are obvious: simply choose G = 1, then u reversible (for
the semigroup (P;);>0) implies

/Pth,u:/PtFldM:/FPtld/,L:/qu
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since P,1 =1 (resp. [LFdpy = [LF1dp = [FLldu = 0 since L1 = 0). The
remaining two implications “u reversible = p symmetrizing” (resp. “u invariant
= p infinitesimally invariant”) follow from differentiating the semigroup in ¢t = 0:

d d

(resp. [LFdp = %fPtF dptje—o = % J Fdpp—g = 0). None of the converse
implications hold true in general. Some finite-dimensional counterexamples may be
found in [2].

5.3.1. Existence of invariant measures — Krylov-Bogoliubov theory.
The existence of invariant measures for equation is strongly related to its
stability properties. This was first observed and exploited in the finite dimensional
case by R.Z. Hasminskii in [9]. A crucial role is played by the family yr, T > 0, of
mean occupation time measures

1 T
jr(A) = T/ P(X(t) € Aydt, AcB(H)
0

of the solution to (5.1). Indeed, if the system described by (X(t)):;>0 approaches a
stationary state it will spend with high probability most of the time in bounded,
in fact even relatively compact, subregions of its state space. The resulting prop-
erty for its mean occupation time measures is called tightness. This is the basic
observation exploited in the Krylov-Bogoliubov theory.

THEOREM 5.4. (Krylov-Bogoliubov)
Assume that for some Ty > 0

o the transition semigroup (P)i>0 associated with is Feller,
o the family (ur)r>t, of mean occupation time measures is tight, i.e., for
all € > 0 there exists a compact subset K. C H with up(K:) > 1 — ¢,
T>T.
Then there exists an invariant measure p for . Moreover, every limit oo
of some weakly convergent subsequence (ur, )n>1 with T, — o0, is an invariant
measure.

The tightness of (ur)r>7, can be deduced from the existence of a (proper) Lya-
punov function V : H — R U {+oc0}, that is, a function with compact level sets
{V < a}, a € R, that satisfies

(5.7) sup /Vde < 0
T>T,
or equivalently,
1 T
sup — E(V(X(t))dt < co.
7210 1 Jo

To call V' a Lyapunov function is motivated by the stability theory for deterministic
systems. In fact, for a deterministic evolution system (z(¢));>0 a Lyapunov function
is a (sufficiently regular) function V' for which V(x(¢)) is decreasing in time, so that

7 | V@< veo)
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remains bounded. The stochastic analogue therefore is a function V for which
E (V(X(t))) is decreasing in time, i.e., a function V for which V(X (¢)) is decreasing
in the statistical average. It follows that

1 T
/ Vdur = % / E(V(X()) dt < B (V(X(0))

remains bounded. For the purposes of Theorem it then suffices to require only

(©-7).

5.3.1.1. Linear equations. Consider the Ornstein-Uhlenbeck equation
(5.8) dX(t) = AX(t)dt + CdW(t), X(0)=¢.
Under the assumption that

t
Qi = / Qe ds, Q:=CC*
0

is a trace class operator, there exists a unique mild solution
t
X(t) = ethe —|—/ B=AC AW (s), t>0
0

of (5.8) (not necessarily having a pathwise continuous version) and the correspond-
ing transition semigroup

PF(x)=E(F(X()|X0)==x), xz€H
is well-defined. Recall that

t
Wac(t) = / CNACAW ()~ N (0,Q1)

so that the following integral representation of the transition probabilities

PF(z) = /H F(e*z + w)N (0,Qy) (dw)

(5.9)

:/ F(w)N (etAa:,Qt) (dw),
H

called Mehler’s formula, holds. The integral representation is extremely useful
to deduce various further information on the process. In particular, a complete
solution to the problem of existence of invariant measures can be deduced. The
result is due to Snyders and Zakai in the finite-dimensional case (see [15]) and to
Zabczyk in the general Hilbert space case (see [4]).

THEOREM b5.5. The following conditions are equivalent:

(i) 3 invariant measure for (5.8))
.o (oo}
(ii) fo ||etACH%2(U7H) dt = supy>q tr (Q¢) < oo
(iii) 3 Qoo € L(H), Qoo > 0, symmetric, tr (Qu) < 00, satisfying the equa-
tion

(5.10) 2(Qoc A"z, x) + (Qu,z) =0 V€ D(AY).
In this case, any invariant measure p for (5.8) admits the representation

w=v*xN <O,/ etAQetA* dt> ,
0
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where v is invariant for ' = Az and

Qoo :/ etAQetA* di

0
is the minimal nonnegative solution of ((5.10)).

5.3.1.2. Semilinear equations. The existence part in the previous theorem can
be extended to the semilinear case under the following assumptions:

(A.1) A is self-adjoint, of negative type and having a compact resolvent

In the following denote by V, = D((—A)7), v € R, the real interpolation space
equipped with the scalar product
<U7U>'y = <(7A)’Yu’ (7A)’YU>H + <U7U>Ha u,v € V’y-

(A.2) For some 71 > 0, B operates as a vector-field on V,, and for any ini-
tial condition « € V4, (5.1) has a unique mild solution with continuous
trajectories in V.

(A.3) The associated transition semigroup (P;)¢>o is Feller on V.

THEOREM 5.6. Suppose that for some v > 711

(A.4) Jeg > 0 such that

2
sup E (eE“WA,C(t)HV.m) < 0o Ve < go
>0

(A5) = 3 ¥:V, — Ry Frechet-differentiable,
- 30:V,, = Ry coercive,
— 38,0 €R, g1 < e such that

(Ay + By +w), ¥ (y)v,, < -O(y) + e "0 16
forally € Vig,,, we V.

Then (pr)7r>1 s tight on V,, for any initial condition § € V,,. Moreover, any limit
point p of some weakly convergent subsequence of (fr)r>1 is an invariant measure

of 1) and
/F(x) u(dx) < oo
for any continuous F : V,, = Ry, v < o, satisfying the growth condition

2
Fly+w) <c0(y) + cae 1M 4 ¢y VyeV, ,weV,.

The proof of the Theorem (for the case of additive noise) can be found in [7].

ExAMPLE 5.7. In the example of the stochastic reaction diffusion equation
dX(t) = [AX(t) — f(X(t))] dt + (—A)fﬁ dW (t)

on L%([0,1]) with f(t) = agn+1t>" ™ + ... + a1t with ag,11 < 0, let A be the
Dirichlet-Laplacian. Then for 8 >0, 1 < v < 1+ 8, 8 < m, the evolution
equation has an invariant measure p satisfying the moment estimates

o [ l2ll3 u(dz) < oo

. fes”“””m u(dr) < oo

o [|lz"||? u(dz) < 0o Vr>1
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(see [T]).
REMARK 5.8. Comments on the assumptions (A.4) and (A.5):

(1) The exponential moment estimate

2
1

11 E < -
(5.11) P S T_cA%2eK ©

oo

/ "o dw(s)

H

for ¢ < —zir (see [10] and Exercises to Chapter 3) implies that the exponen-
tial moment estimate required for the stochastic convolution W ¢(t) in (A.4) is
satisfied for bounded dispersion coefficients

o0
A
| s 1e40@)1E v i < oo
0 x€H

(ii) In the case of a classical Lyapunov function of polynomial type
(Ay + By +w),y)i < —allylly, +Bllwli? +90
2

for some s > 1, @ > 0, 3,8 € R, the theorem implies the following exponential
moment estimate

K(e) = /eE”””“fgI pu(dr) < oo fore <e;p.
2
In particular, g has (sub-) Gaussian tails p (||z||g > R) < K(e1)e =%, R > 0.

5.3.1.3. Further examples. (a) symmetrizing measures

It is well-known that for a smooth potential ¢ : R? — R satisfying Z := I e2? dx <
0o and [ |Vep|e?? dz < oo the measure p := Z~1e?#(*) dz is the unique invariant
(and in fact reversible, hence symmetrizing) measure for the transition semigroup
associated with the stochastic (ordinary) differential equation

(5.12) dX(t) = V(X (t))dt +dW(t) R4

(see [2]). The example ultimately goes back to Kolmogorov, who in his classical
paper [13], fully characterized reversible measures of diffusions on compact man-
ifolds in terms of the coefficients of the associated generator. To see that u is
symmetrizing, note that it satisfies the following integration by parts formula

(5.13) / Oy, F () pu(dx) = —2 / F(2)0,, o(x) p(dz) VF € CL(RY)
so that for the Kolmogorov operator
LF(r) = JAF(2) + (Ve(a), V()
we obtain that
/LFGd,u: 7/<VF,VG>d,u: /FLGdu.

This observation can be extended to the infinite dimensional setting as follows:
A sufficient (and in many cases also necessary) condition for the existence of a
symmetrizing measure for the stochastic evolution equation (5.1]) is the existence
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of a measure p satisfying appropriate integrability conditions and the integration
by parts formula

G.10)  [(CE@CE) F@).0) udn) = =2 [ (2. A% + (B().1) F(s) u(da)
for any [ € D(A*).

Illustrations Assume that C(z)C(z)* = Q > 0 is constant and Q~! bounded.
Then (5.14) is equivalent with

(5.15) / OF () pu(d) = —2 / (2, A" Q1) + (B(2), Q1)) F(x) u(da)

for any [ satisfying Q~'l € D(A*). Under the additional assumption that

(5.16) AQ = QA"

and Q1A is invertible with bounded inverse, the linear part (z, A*Q~l) in the
logarithmic derivative can be identified as the logarithmic derivative of the Gaussian
measure N (0, 1QA™") which implies that it is the, in fact unique, symmetrizing
measure of the linear stochastic evolution equation

dX(t) = AX(t)dt + CdW(t).

Suppose now that @@ = Idg, so that (5.16) implies that A = A* i.e., A self-adjoint,
and B = ¢’ for some potential ¢ : H — R satisfying some growth condition (e.g.
bounded from above). Then, similar to the finite-dimensional case,

2z, Al) + (¢'(2),1), 1€ D(A)

is the logarithmic derivative of the measure
1
(5.17) p(dz) o 29 @ N (O, 2A1> (dx)

(see [16], [14]). The above factorization of the symmetrizing measure is not unique
and might be in fact not appropriate in given examples.

(b) infinitesimally invariant measures

An important class of stochastic evolution equations with invariant measures is
provided by equations where the nonlinear part of the drift has an infinitesimally
conserved quantity in the sense of the following two examples:

EXAMPLE 5.9. (i) Stochastic Burgers equation
dX (t) = [YAX(t) + 9¢(X(t)?)] dt + CdW(t)
on the space L?([0, 1]) with Dirichlet boundary conditions. In this case, the L2-norm

is an infinitesimally conserved quantity for d¢ (X (£)?), since fol Ot (u?)ud€ = 0 for
u € Hy([0,1]).

(ii) Stochastic Navier-Stokes equations

dX () = YAsX (1) — IL(X(t) - V) X(8)] dt + CdW (1), div X(t) =0

on the space L3([0,1]¢; R?) of divergence-free, square-integrable vector-fields. In
this case, the L?-norm is an infinitesimally conserved quantity for the convection



term, since f[

0 1W((u -V)u,u)dé = 0 for smooth, divergence-free vector-fields u

with periodic boundary conditions.

In both examples existence of stationary martingale solutions can be obtained in the
case where the covariance operator () = C'C* has finite trace, using the compact-
ness method, first presented in the paper [8] (see also [11]] for the case of stochastic
Navier-Stokes Coriolis equations). The corresponding invariant distribution u sat-
isfies the exponential moment estimate

(1]
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(4]
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APPENDIX A

Elements of linear functional analysis

We briefly discuss basic terminology from linear functional analysis, which is
the mathematical of linear operators on general vector spaces. All this can be taken
from elementary textbooks on functional analysis.

A.1. Banach and Hilbert spaces

DEFINITION A.l. Let E be a real vector space. A map F — R, z — ||z, is
called a norm on FE if
(i) ||z|]| > 0 for all x € E and |jz|| > 0 iff z = 0;
(ii) ||azx| = |af||z| for all x € F and « € R;
(iii) |z 4yl < |lz|| + |ly|| for all z,y € E (triangle inequality).
(E,, |l -||) or simply E is called a normed vector space.

The following is obvious: Let (E,, || - ||) be a normed vector space. Then
d(z,y) = |lz -y
for all z,y € E defines a metric on E.

DEFINITION A.2. A normed space which is complete w.r.t. the metric induced
by the norm is called a Banach space.

In other words: A normed vector space E is a Banach space iff every Cauchy-
sequence (z,) C E is convergent (in E).
DEFINITION A.3. Let E be a real vector space. A map (-,-) : E x E — R, is
called a scalar product on FE if
(i) (z,y) = (y,z) for all z,y € E;
(ii) (z,z) > 0for all x € F and (z,z) =0 iff z = 0;
(iii) (az + Py, z) = alx, z) + By, z) for all z,y,z € E and o, 5 € R.
(E,,(,-)) or simply E is called a inner product vector space.

THEOREM A.4. (Cauchy-Schwarz inequality) Let (E, (-,-)) be an inner product
vector space. Then

(A.1) Kz )| < =1yl
for all x,y € E with equality iff x and y are linearly dependent.

The following is obvious from (A.1)): Let (E,, (:,-)) be an inner product vector
space. Then
]l := vz, z)
for all x € E defines a norm on FE.

DEFINITION A.5. (Hilbert space) An inner product vector space which is com-
plete with respect to the induced norm is called a Hilbert space.

1
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A.2. Orthogonality, orthonormal systems, Parseval’s identity

Recall that two vectors u and v of an inner product space are called orthogonal
if (u,v) =0.

DEFINITION A.6. Let H be an inner product space with inner product (,-)
and induced norm || - ||. Let M C H be a non-empty subset.

(i) M is called an orthogonal system if (u,v) = 0 for all u,v € M with u # v.
(ii) M is called an orthonormal system if it is an orthogonal system and||u| =
1 for all uw € M.
(iii) M is called a complete orthonormal system or orthonormal basis of H if
it is an orthogonal system and span(M) = H.

A.3. Linear operators

As already mentioned several times, a linear operator L : E — F between two
Banach spaces need not be continuous if the domain E is infinite dimensional. A
classical example is the derivative

Lf e {f’ if feC([0,1])

0 otherwise

as a linear operator on the Banach space C([0,1]) of continuous functions on [0, 1]
(endowed with the supremum-norm). Here, C([0,1]) denotes the subspace of one
times continuously differentiable functions. Then, e.g. fn(z) := Lz — 0 in
C([0,1]), but Lf,(x) = 2"~ is not converging to 0.

In the following let E, F be two (real) normed vector spaces. We denote with
L(E, F) the space of continuous linear operators L : E — F. We then have the
following fundamental theorem of linear operators between normed vector spaces:

THEOREM A.7. For L : E — F linear, the following statements are equivalent:
(i) L is uniformly continuous;
(i) L € L(E,F), i.e., L is continuous;
(iii) L is continuous at x = 0;
(iv) L is bounded;
(v) There exists o > 0 such that | Lz||p < a|lz||g for all x € E.

ProOF. The implications (i) = (i4) and (i) = (ii¢) are obvious. Suppose
that L is continuous at x = 0 and let U C FE be any bounded subset, and let
M := sup,c, |||/ be its upper bound. We have to show that L(U) C F is
bounded. Since L is continuous at = 0, we can find 6 > 0 such that ||z||g < ¢
implies | Lz||r < 1. Consequently, if z € U,

M ) M
= — _ < —
Ialr = =1Ll <
—~—
I-I<é

which shows that L(U) C B%,(0). Suppose now that L is bounded, then there
5

exists in particular o > 0 such that L(B¥(0)) C BL(0), and thus if x € E \ {0},
then "
[Lzl|r = llz[[ 2| L)l < allz].-

(k4|
——

l-1<1
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Since this is trivial if £ = 0, we obtain (v). Finally, suppose that (v) holds. Then
by linearity of L
Lz — Lyllr = IL(z = y)llr < ollz —yle,
showing the uniform continuity of L. O
DEFINITION A.8 (operator norm). For L € L(E, F) we define
I Ll o(e,py = inf{a > 0| || Lz|r < af/z| g for all z € E}.
We call ||L||(g,F) the operator norm of L.

The following Proposition summarizes all general equivalent characterizations
of HLHL(E,F)

PROPOSITION A.9. Let L € L(E,F). Then |Lz||r < |[L|re,r)lzle for all
x € E. Moreover,

Lz i
Loy = swp 22— o e = sup (Zalle = sup Lalr,
zep\fo} 2l jzls=1 lellz<1 lellz<1
The space L(E,F'), endowed with the operator norm || - ||1(g,r), is again a

normed vector space, and it is Banach space as soon as F' (!) is a Banach space.

A.4. Duality
DEFINITION A.10 (Dual space). If E is a (real) normed vector space, then
E' = L(E,R)

is the dual space of E. Elements of E’ are often also referred to as bounded
linear functionals on E. The operator norm on L(F,R) is called the dual norm
on E’ and is denoted by || - ||z If f € E’, then we define

(f,z) = f(x).
REMARK A.11. By definition of the operator norm, the dual norm is given by
1l = sup BRIy yr,a)
sepo} Izlle et
and as a consequence
[(Fo) < | fllellzl s

A.5. Duality in Hilbert spaces

Suppose now that H is a (real) Hilbert space (with inner product (-,-)). Since
for all y € H, the linear mapping

Jy): H >R,z — (z,y)
is continuous, we have that J(y) € H' with

IS = sup [(J(y),z) [ < [lylla-
lzllr<1 A(’T/
=(z,y
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It follows that y — J(y) is continuous, but in fact also the converse inequality

holds, since we can choose the uni vector z = m to conclude that
P [ A 7
[ = sup | (J(y), z)| = [( )l = = llyllz-
llz| <1 %(/T/ 1yl e [yl
=(z,y

Consequently, ||/ (y)[[a = [yl z-

THEOREM A.12. (Riesz representation theorem) The map J : H — H' is a
linear isometric isomorphism. It is called the Riesz isomorphism.

A.6. Reflexivity

The dual space E” := (E')" of E' is called the bi-dual space. Note that any
x € F induces an element in the bi-dual space of E by considering the continuous
linear functional
f={f,z),feFE.
It follows that

leller = sup [(fyz)] < sup |fllelz]e <|z]s
fller< 1115 <1

hence the embedding £ C E” is continuous. In fact, due to the Hahn-Banach
Theorem, there exists fo € E’ such that [|follzr < 1 and (fo,z) = ||z||, which
implies the converse inequality
2]z = |(fo,z)[ < sup [(f,2)| = llz] &,
£l g <1
so that
[zl 2 = l|=]l 2
and thus the embedding £ C E” is an isometry w.r.t. the respective norms. We
say that a normed vector space F is reflexive if £ = E”.

The most important class of reflexive spaces are Hilbert spaces (!), so in par-
ticular L2(Q, A, u). Other important examples for reflexive function spaces are
LP(Q, A, ) for p € (1,00), since for 1 < p < oo the space LP (9, A, ) with
p* = pfl (and p* = oo if p = 1) is the dual space of LP(Q, A, u) and p** = p for
p € (1,00).




APPENDIX B

Weak Topology

We briefly discuss basic functional analytic facts concerning the weak topology
on (reflexive) Banach and Hilbert spaces. In particular we will recall the basic fact
that weak convergence + norm convergence implies strong convergence in Hilbert
spaces. We also formulate Banach-Alaoglu’s theorem, and its important conse-
quence for reflexive Banach spaces.

B.1. Weak convergence

DEFINITION B.1. Let E be a real Banach space and (x,) be a sequence in E.
We say that (x,,) converges weakly to x € F if

Tim (f, ) = (f,2)
for all f € E’'. We write z,, — x in that case.

REMARK B.2. (i) Clearly, x, — =z (strongly) in F implies z, —
weakly, since

[(fyan) = (s 2] = [(f, o — 2)| < [[fllpllon —2]lE =0

(ii) The converse is not true, that is weak convergence does not imply strong
convergence. As an example consider the sequence e, := (0xn)ken. Then
llenllez = 1 and (f,e,) = fn for all f = (fi)ken € (62)/ = {3. Hence for
all f € (¢2)'

(fren) = fn—0

as n — oo weakly. However, (e,) does not converge w.r.t. the norm.

(iii) The weak limit of a sequence is unique. To see this note that if (f,z) =0
for all f € E’, then z = 0, since otherwise the Hahn-Banach Theorem
implies the existence of f € E' with (f,z) # 0.

Although weak convergence does not imply strong convergence we have an
upper bound of ||z| .

PROPOSITION B.3. Suppose that E is a Banach space and that x, — x weakly
in E. Then (xz,) is bounded and

|z]|l g < liminf ||z, || .
n—oo

ProoF. We consider x,, as an element of the bi-dual space E”, the dual space
of E'. By assumption (f,z,) — (f,z) for all f € E’. But that means that x,,
considered as linear functionals on E’ are pointwise bounded and therefore bounded
in the operator norm by the uniform boundedness principle, i.e., sup,, |z, | g7 < 0.
Since ||z, ||gr = ||n|| £, it follows that (x,,) is bounded in E. Now,

[(fszn)l < [ fllerl[znlle

1
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implies
[(F.)] = T |(f.2,)] < [|f]l liminf [, £
for all f € E'. Now, let f € E’ be such that (f,z) = ||z||g and || f||g- = 1, such a
functional exists due to the Hahn-Banach Theorem, we then obtain
- =1 < i i
el = [{f, )] = i [(f,2n)] <||f]le liminf [z,
= liminf ||z, | &-
n—oo
O

In the case of Hilbert spaces, the proof of the above Proposition becomes much
easier. Indeed, suppose that H is a Hilbert space and that z,, — x weakly in H.
Then

2/l = (z,2) = lim (z,2n) < ||z]|z iminf [, |z
n—oo n—roo
and so
lz||g < liminf ||z,| g-
n—oo
In the case of Hilbert spaces we also have the following important converse:

PROPOSITION B.4. Suppose that H is a Hilbert space and that x,, — x weakly
in H is such that in addition ||x,||g — ||z||g. Then x, — x strongly in H.

PROOF. Since (z,x,) — ||z||% and ||z,]|% — ||z||%, it follows that

Tim e = 2allfy = Tl — 26, 20) + laall3 = el — 2l + 2] = 0.

|
B.2. Banach-Alaoglu

In its general form, the Banach-Alaoglu theorem states that the unit ball BF,
in the dual E’ of some normed vector space E is compact in the weak*-topology.
The weak*-topology on E’ is the topology induced by the weak*-convergence. A
sequence (f,) C E’ is said to be weak*-convergent to some element f € E’ if

(fn,z) = (f,x) for all z € E,

i.e. we just interchange the convergence in the duality mapping (f, ).

THEOREM B.5. (Banach-Alaoglu, Weak*-compactness) The unit ball (and thus
any bounded subset) in a separable Banach space E is weakly* sequentially compact,
i.e. any bounded sequence contains a weak”-convergent subsequence. If E is in
addition reflexive, i.e., E can be identified with its bi-dual E”, e.g. a Hilbert space,
then any bounded subset is sequentially compact w.r.t. the weak topology.
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