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1 Introduction

N PR LN N -

These notes are based on a series of lectures given first at the University of Warwick in spring 2008
and then at the Courant Institute in spring 2009. It is an attempt to give a reasonably self-contained
presentation of the basic theory of stochastic partial differential equations, taking for granted basic
measure theory, functional analysis and probability theory, but nothing else. Since the aim was
to present most of the material covered in these notes during a 30-hours series of postgraduate
lecture, such an attempt is doomed to failure unless drastic choices are made. This is why many
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important facets of the theory of stochastic PDEs are missing from these notes. In particular, we
do not treat equations with multiplicative noise, we do not treat equations driven Lévy noise, we
do not consider equations with ‘rough’ (that is not locally Lipschitz, even in a suitable space)
nonlinearities, we do not treat measure-valued processes, we do not consider hyperbolic or elliptic
problems, we do not cover Malliavin calculus and densities of solutions, etc. The reader who is
interested in a more detailed exposition of these more technically subtle parts of the theory might
be advised to read the excellent works [DPZ92b, DPZ96, PZ07, PR07, SS05].

Instead, the approach taken in these notes is to focus on semilinear parabolic problems driven
by additive noise. These can be treated as stochastic evolution equations in some infinite-dimen-
sional Banach or Hilbert space that usually have nice regularising properties and they already
form (in my humble opinion) a very rich class of problems with many interesting properties.
Furthermore, this class of problems has the advantage of allowing to completely pass under silence
many subtle problems arising from stochastic integration in infinite-dimensional spaces.

1.1 Acknowledgements

These notes would never have been completed, were it not for the enthusiasm of the attendants of
the course. Hundreds of typos and mistakes were spotted and corrected. I am particularly indebted
to David Epstein and Jochen Vol who carefully worked their way through these notes when they
were still in a state of wilderness. Special thanks are also due to Pavel Bubak who was running
the tutorials for the course given in Warwick.

2 Some motivating examples

2.1 A model for a random string (polymer)

Take NV + 1 particles with positions u,, immersed in a fluid and assume that nearest-neighbours
are connected by harmonic springs. If the particles are furthermore subject to an external forcing
F, the equations of motion (in the overdamped regime where the forces acting on the particle are
more important than inertia, which can also formally be seen as the limit where the masses of the
particles go to zero) would be given by

du

dTO = k(uy — uo) + F(ug) ,

du,

W = k(upt1 +up—1 — 2up) + F(up), n=1,...,N—-1,
du

—df = k(un—1 — un) + F(uy) .

This is a primitive model for a polymer chain consisting of N 4+ 1 monomers and without self-
interaction. It does however not take into account the effect of the molecules of water that would
randomly ‘kick’ the particles that make up our string. Assuming that these kicks occur randomly
and independently at high rate, this effect can be modelled in first instance by independent white
noises acting on all degrees of freedom of our model. We thus obtain a system of coupled stochas-
tic differential equations:

dug = k(uy — ug) dt + F(ug) dt + o dwy(t) ,
dun = k(up+1 + Upn—1 — 2up) dt + F(up)dt + o dwp,(t), n=1,...,N—1,
duN = k(uN,1 — uN)dt + F(UN)dt + waN(t) .
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Formally taking the continuum limit (with the scalings k ~ vN? and o ~ v/N), we can infer that
if NV is very large, this system is well-described by the solution to a stochastic partial differential
equation

du(z,t) = vO2u(z, t) dt + F(u(z,t)) dt + dW (z,t)

endowed with the boundary conditions 0,u(0,t) = J,u(1,t) = 0. It is not so clear a priori what
the meaning of the term dW (z,t) should be. We will see in the next section that, at least on a
formal level, it is reasonable to assume that E%% = 6(x — y)o(t — s). The precise
meaning of this formula will be discussed later.

2.2 The stochastic Navier-Stokes equations

The Navier-Stokes equations describing the evolution of the velocity field u(x,t) of an incom-
pressible viscous fluid are given by

%:VAU—(U'V)U—Vp—l—f, 2.1
complemented with the (algebraic) incompressibility condition divu = 0. Here, f denotes some
external force acting on the fluid, whereas the pressure p is given implicitly by the requirement
that divu = 0 at all times.

While it is not too difficult in general to show that solutions to (2.1) exist in some weak sense,
in the case where z € R? with d > 3, their uniqueness is an open problem with a $1,000,000
prize. We will of course not attempt to solve this long-standing problem, so we are going to
restrict ourselves to the case d = 2. (The case d = 1 makes no sense since there the condition
divu = 0 would imply that u is constant. However, one could also consider the Burger’s equation
which has similar features to the Navier-Stokes equations.)

For simplicity, we consider solutions that are periodic in space, so that we view « as a function
from T2 x Ry to R2. In the absence of external forcing f, one can use the incompressibility
assumption to see that

d/ lu(z, t)|? dx = —21// tr Du(z, t)* Du(z, t) dx < —21// lu(z, )| dx |
dt Jr2 T2 T2

where we used the Poincaré inequality in the last line (assuming that [ u(x,t) dz = 0). There-
fore, by Gronwall’s inequality, the solutions decay to 0 exponentially fast. This shows that energy
needs to be pumped into the system continuously if one wishes to maintain an interesting regime.

One way to achieve this from a mathematical point of view is to add a force f that is randomly
fluctuating. We are going to show that if one takes a random force that is Gaussian and such that

Ef(z,t)f(y,s) =t — s)C(x —y),

for some correlation function C' then, provided that C is sufficiently regular, one can show that
(2.1) has solutions for all times. Furthermore, these solutions do not blow up in the sense that one
can find a constant K such that, for any solution to (2.1), one has

lim sup E|u(t)|* < K ,
t—o00

for some suitable norm || - ||. This allows to provide a construction of a model for homogeneous
turbulence which is amenable to mathematical analysis.
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2.3 The stochastic heat equation

In this section, we focus on the particular example of the stochastic heat equation. We will perform
a number of calculations that give us a feeling for what the solutions to this equation look like.
These calculations will not be completely rigorous but could be made so with some extra effort.
Most tools required to make them rigorous will be introduced later in the course.

2.3.1 Setup

Recall that the heat equation is the partial differential equation:
du=Au, wR;yxR"—=R. 2.2)

Given any bounded continuous initial condition ug: R® — R, there exists a unique solution u to
(2.2) which is continuous on Ry x R™ and such that u(0, x) = ug(z) for every x € R".
This solution is given by the formula

_Iﬂv—y\2

1
u(t, ) = (471'15)”/2/11" e 3 up(y)dy .

We will denote this by the shorthand u(t, - ) = e®*uq by analogy with the solution to an R%-valued
linear equation of the type d;u = Au.
Let us now go one level up in difficulty by considering (2.2) with an additional ‘forcing term’
f:
ou=Au+f, wRyxR"—=R. 2.3)

From the variations of constants formula, we obtain that the solution to (2.3) is given by
¢
u(t, ) = e®ug + / A9 f(s, ) ds (2.4)
0

Since the kernel defining ! is very smooth, this expression actually makes sense for a large
class of distributions f. Suppose now that f is ‘space-time white noise’. We do not define this
rigorously for the moment, but characterise it as a (distribution-valued) centred Gaussian process
& such that E£(s, ©)E(t, y) = 0(t — s)d(z — y).

The stochastic heat equation is then the stochastic partial differential equation

du=Au+¢, uwR. xR" —>R. (2.5

Consider the simplest case vy = 0, so that its solution is given by

t 1 |z —y|2
t,x) = _— I dyd 2.6
w0) = [ G fon € e dy ds (2.6)

This is again a centred Gaussian process, but its covariance function is more complicated. The aim
of this section is to get some idea about the space-time regularity properties of (2.6). While the
solutions to ordinary stochastic differential equations are in general c.-Holder continuous (in time)
for every o < 1/2 but not for a = 1/2, we will see that in dimension n = 1, u as given by (2.6)
is only ‘almost’ 1/4-H&élder continuous in time and ‘almost’ 1/2-Holder continuous in space. In
higher dimensions, it is not even function-valued... The reason for this lower time-regularity is
that the driving space-time white noise is not only very singular as a function of time, but also as
a function of space. Therefore, some of the regularising effect of the heat equation is required to
turn it into a continuous function in space.
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Heuristically, the appearance of the Holder exponents 1/2 for space and 1/4 for time in di-
mension n = 1 can be understood by the following argument. If we were to remove the term
Osu in (2.5), then u would have the same time-regularity as &, but two more derivatives of space
regularity. If on the other hand we were to remove the term Aw, then u would have the sample
space regularity as &, but one more derivative of time regularity. The consequence of keeping both
terms is that we can ‘trade’ space-regularity against time-regularity at a cost of one time derivative
for two space derivatives. Now we know that white noise (that is the centred Gaussian process
n with En(t)n(s) = d(t — s)) is the time derivative of Brownian motion, which itself is ‘almost’
1/2-Holder continuous. Therefore, the regularity of 7 requires ‘a bit more than half a derivative’
of improvement if we wish to obtain a continuous function.

Turning back to &, we see that it is expected to behave like 1 both in the space direction and
in the time direction. So, in order to turn it into a continuous function of time, roughly half of a
time derivative is required. This leaves over half of a time derivative, which we trade against one
spatial derivative, thus concluding that for fixed time, u will be almost 1/2-Holder continuous in
space. Concerning the time regularity, we note that half of a space derivative is required to turn
¢ into a continuous function of space, thus leaving one and a half space derivative. These can be
traded against 3/4 of a time derivative, thus explaining the 1/4-Holder continuity in time.

In Section 5.1, we are going to see more precisely how the space-regularity and the time-
regularity interplay in the solutions to linear SPDEs, thus allowing us to justify rigorously this
type of heuristic arguments. For the moment, let us justify it by a calculation in the particular case
of the stochastic heat equation.

2.3.2 A formal calculation
Define the covariance for the solution to the stochastic heat equation by
C(s,t,z,y) = Eu(s, v)ult,y) , (2.7)

where wu is given by (2.6).
By (statistical) translation invariance, it is clear that C'(s,t,x,y) = C(s,t,0,2 — y). Using
(2.6) and the expression for the covariance of £, one has

C(s,t,0, x)

] A T
(47r)” ///n/ s—fr”n/2|t r|n/2° W=~ aa= g (r, &' y') dy dy' dr’ dr

/S/\t/ ‘f@ y\? 4(\y|2) Qv d
T s—r r
(47r)" n \s—r!”/2|t—r\”/2 Y

SNt 1
N (47r)” /0 /" |s — r|n/2|t — r|n/2

|z (z,y) ly[? ly[?
X eXp(_4(t ) 2t—r) As—1)  At— r)) dydr .

The integral over y can be performed explicitly by ‘completing the square’ and one obtains

C(s,t,0 )—2—“/SM( Tt —2r) 2 ex (—W>d
s,t,0,x) = A S r p G =2 T

s+t ‘ ’2
_ 2—(n+1)/ —n/2 2.
o ¢ exp( v, )dﬁ (2.8)

We notice that the singularity at £ = 0 is integrable if and only if n < 2, so that C'(¢,¢,0,0) is
finite only in the one-dimensional case. We therefore limit ourselves to this case in the sequel.
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Remark 2.1 Even though the random variable u defined by (2.6) is not function-valued in di-
mension 2, it is ‘almost’ the case since the singularity in (2.8) diverges only logarithmically. The
stationary solution to (2.5) is called the Gaussian free field and has been the object of intense
studies over the last few years, especially in dimension 2. Its interest stems from the fact that
many of its features are conformally invariant (as a consequence of the conformal invariance of
the Laplacian), thus linking probability theory to quantum field theory on one hand and to complex
geometry on the other hand. The Gaussian free field also relates directly to the Schramm-Loewner
evolutions (SLEs) for the study of which W. Werner was awarded the Fields medal in 2006, see
[Law04, SS06]. For more information on the Gaussian free field, see for example [She07].

The regularity of u is determined by the behaviour of C near the ‘diagonal’ s = ¢, z = y. We
first consider the time regularity. We therefore set x = 0 and compute

s+t

C(s,1,0,0) = i/ V2 ae=L(ls+ 12 —|s —t]7).

ls—t|

This shows that, in the case n = 1 and for s ~ ¢, one has the asymptotic behaviour
2 1
E|u(s,0) — u(t,0)|* ~ |t — s|2 .

Comparing this with the standard Brownian motion for which E|B(s) — B(t)|? = |t — s|, we
conclude that the process ¢t — w(t, z) is, for fixed x, almost surely a-Holder continuous for any
exponent « < 1/4 but not for « = 1/4. This argument is a special case of Kolmogorov’s cele-
brated continuity test, of which we will see a version adapted to Gaussian measures in Section 3.1.
If, on the other hand, we fix s = ¢, we obtain (still in the case n = 1) via the change of
variables z = |x|? /44, the expression
[z [ s

C(t,t,0,2) = — z 2e 7dz .

] [l=I2
8t
Integrating by parts, we get

z‘z ’.%‘| (e%e]

P
C(t,t,0,7) = ‘:em 7 2re 7 dz
8t

So that to leading order we have for small values of z:

t o
C(t,t,0,2) = \4[+|Z| 3¢ dz = Vit \/T:ﬂ +O(|z?/8V) .
0
This shows that, at any fixed instant ¢, the solution to (2.5) looks like a Brownian motion in space
over lengthscales of order t1/2. Note that over such a lengthscale the Brownian motion fluctuates
by about /4, which is precisely the order of magnitude of E|u(t, z)).

2.4 What have we learned?

1. At a ‘hand-waving’ level, we have forced our equation with a term that has a temporal
evolution resembling white noise, so that one would naively expect its solutions to have
a temporal regularity resembling Brownian motion. However, for any fixed location in
space, the solution to the stochastic heat equation has a time-regularity which is only almost
Hélder—%, as opposed to the almost Hélder—% time-regularity of Brownian motion.
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2. Unlike the solutions to an ordinary parabolic PDE, the solutions to a stochastic PDE tend to
be spatially ‘rough’. It is therefore not obvious a priori how the formal expression that we
obtained is to be related to the original equation (2.5), since even for positive times, the map
x — u(t, x) is certainly not twice differentiable.

3. Even though the deterministic heat equation has the property that e~tu — 0 for every
u € L?, the solution to the stochastic heat equation has the property that E|u(z, )|> — oo
for fixed x as ¢ — oo. This shows that in this particular case, the stochastic forcing term
pumps energy into the system faster than the deterministic evolution can dissipate it.

Exercise 2.2 Perform the same calculation, but for the equation
ou=Au—au+¢, wRy xR—-R.

Show that as ¢ — o0, the law of its solution converges to the law of an Ornstein-Uhlenbeck process
(if the space variable is viewed as ‘time’):

lim Eu(t, z)u(t,y) = Ce =¥l
t—o0

Compute the constants C' and c as functions of the parameter a.

3 Gaussian Measure Theory

This section is devoted to the study of Gaussian measures on general Banach spaces. Throughout
this section and throughout most of the remainder of these notes, we will denote by B an arbi-
trary separable Banach space. Recall that a space is separable if it contains a countable dense
subset. This separability assumption turns out to be crucial for measures on B to behave in a
non-pathological way. It turns out that this assumption can be circumvented by trickery in most
natural situations where non-separable spaces arise, but we choose not to complicate our lives by
considering overly general cases in these notes.

One additional assumption that would appear to be natural in the context of Gaussian measure
theory is that 3 be reflexive (that is B** = B). This is because the mean of a measure y appears
in general to be an element of B** rather than of B, since the natural way of defining the mean m
of 11 is to set m(¢) = [z 4(x) u(dx) for any ¢ € B*. This turns out not to be a problem, since the
mean of a Gaussian measure on a separable Banach space B turns out to always be an element of
B itself, see the monograph [Bog98]. However this result is not straightforward to prove, so we
will take here the more pragmatic approach that whenever we consider Gaussian measures with
non-zero mean, we simply consider the mean m € B as given.

Before we proceed, let us just mention a few examples of Banach spaces. The spaces LP(M, v)
(with (M, ) a countably generated measure space like R™) for p € [1, co) are both reflexive and
separable. However, both properties fail to hold for L°° spaces. The space of bounded continuous
functions on a compact space is separable, but not reflexive. The space of bounded continuous
functions from R” to R is neither separable nor reflexive, but the space of continuous functions
from R™ to R vanishing at infinity is separable. (The last two statements are still true if we
replace R" by any locally compact complete separable metric space.) Hilbert spaces are obviously
reflexive since H* = H for every Hilbert space H by the Riesz representation theorem [Yos95].
There exist non-separable Hilbert spaces, but they have rather pathological properties and do not
appear very often in practice.

We start with the definition of a Gaussian measure on a Banach space. Since there is no
equivalent to Lebesgue measure in infinite dimensions (one could never expect it to be o-additive),
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we cannot define it by prescribing the form of its density. However, it turns out that Gaussian
measures on R” can be characterised by prescribing that the projections of the measure onto any
one-dimensional subspace of R™ are all Gaussian. This is a property that can readily be generalised
to infinite-dimensional spaces:

Definition 3.1 A Gaussian probability measure 1 on a Banach space B is a Borel measure such
that £* 1, is a real Gaussian probability measure on R for every linear functional ¢: B — R. (Dirac
measures are considered to be Gaussian measures with zero covariance.) We call it centred if £*
is centred for every /.

Remark 3.2 We used here the notation f*p for the push-forward of a measure p under a map f.
This is defined by (f*u)(A) = u(f~1(A)).

One first question that one may ask is whether this is a reasonable definition. After all, it
only makes a statement about the one-dimensional projections of the measure p, which itself
lives on an infinite-dimensional space. However, this turns out to reasonable since, provided that
B is separable, the finite-dimensional projections of any probability measure contain sufficiently
information to characterise it:

Proposition 3.3 Let B be a separable Banach space and let i and v be two probability Borel
measures on B. If {* u = 0*v for every £ € B, then u = v.

Proof. Denote by Cyl(13) the algebra of cylindrical sets on 3, thatis A € Cyl(B) if and only if there
exists n > 0, a continuous linear map 7": B — R", and a Borel set A CR"suchthat A =T 1A,
It follows from the assumption that (A) = v(A) for every A € Cyl(B) and therefore, by a basic
uniqueness result in measure theory (see Lemma I1.4.6 in [RW94] for example), for every A in the
o-algebra £(B) generated by Cyl(B). It thus remains to show that £(B3) coincides with the Borel
o-algebra of B.

Since B is separable, every open set U can be written as a countable union of closed balls. (Fix
any dense countable subset {z,, } of B and check that one has for example U = U, 1r B(Zn, ),
where r, = %sup{r > 0 : B(zp,7) C U} and B(x,r) denotes the closed ball of radius r
centred at x.) Since £(B) is invariant under translations and dilations, it remains to check that
B(0,1) € &®B). Let {x,} be a countable dense subset of {z € B : ||z| = 1} and let £, by
any sequence in B* such that ||¢,,|| = 1 and ¢,,(x,,) = 1 (such elements exist by the Hahn-Banach
extension theorem [Yos95]). Define now K = (,>o{z € B : |[l,(x)] < 1}. Itis clear that
K € £(B), so that the proof is complete if we can show that K = B(0, 1).

Since obviously B(0,1) C K, it suffices to show that the reverse inclusion holds. Let y €
B with [|y|| > 1 be arbitrary and set § = y/||y||. By the density of the z,,’s, there exists a
subsequence z,, such that ||zy, — g < L, say, so that £, (§) > 1 — 1. By linearity, this implies
that ¢4, (y) > ||y[|(1 — 1), so that there exists a sufficiently large n so that ¢, (y) > 1. This shows
that y ¢ K and we conclude that K C B(0, 1) as required. O

From now on, we will mostly consider centred Gaussian measures, since one can always re-
duce oneself to the general case by a simple translation. Given a centred Gaussian measure p, we
define a map C,;: B* x B* — R by

Cult ) = [ (@@ utda) (3.1)

Remark 3.4 In the case B = R", this is just the covariance matrix, provided that we perform the
usual identification of R™ with its dual.
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The map C), will be called the Covariance operator of . It follows immediately from the
definitions that the operator C), is bilinear and definite positive. Furthermore, the Fourier transform
of p is given by

it < [ 9 o) = exp(~3C,(6,0) (3.2)

where ¢ € B*. This can be checked by using the explicit form of the one-dimensional Gaussian
measure. Conversely, (3.2) characterises Gaussian measures in the sense that if ;4 is a measure
such that there exists C), satisfying (3.2) for every £ € B*, then ; must be centred Gaussian. The
reason why this is so is that two distinct probability measures necessarily have distinct Fourier
transforms:

Proposition 3.5 Let p and v be any two probability measures on a separable Banach space B. If
(€) = v(l) for every { € B*, then i = v.

Proof. In the particular case B = R", if ¢ is a smooth function with compact support, it follows

from Fubini’s theorem and the invertibility of the Fourier transform that one has the identity

— 1 ~ —ikx _ 1 N -
S e@ ey = o | [ e dk ) = o [ e -y ar

so that, since bounded continuous functions can be approximated by smooth functions, 1 is indeed
determined by fi. The general case then follows immediately from Proposition 3.3. O

Remark 3.6 We could also have defined Gaussian measures by imposing that ¢* 1 is Gaussian for
every bounded linear map /: B — R” and every n. These two definitions are equivalent because
measures on R are characterised by their Fourier transforms and these can be constructed from
one-dimensional marginals.

As a simple consequence, we have the following trivial but useful property:

Proposition 3.7 Let i1 be a Gaussian measure on B and, for every ¢ € R, define the ‘rotation’
R,:B* — B2 by
R (x,y) = (zsinp + ycosp,xcosp —ysinyp) .

Then, one has R,(p @ p1) = 1 @ pu.

Proof. Since a measure is characterised by its Fourier transform [Bog98, Prop A.3.18], it suffices
to check that ;1 ® 11 o R, = [ @ i, which is an easy exercise. O

3.1 A-priori bounds on Gaussian measures

We are going to show now that the operator C, has to also be bounded, as a straightforward
consequence of the fact that = — ||=||? is integrable. Actually, we are going to show much more,
namely that there always exists a constant o > 0 such that exp(a/||z||?) is integrable! In other
words, the norm of any Banach-space valued Gaussian random variable has Gaussian tails, just
like in the finite-dimensional case. This is the content of a celebrated theorem:

Theorem 3.8 (Fernique, 1970) Let i be a centred Gaussian probability measure on a separable
Banach space B. Then, there exists o > 0 such that [,z exp(c||z||?) u(dz) < oo.
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Proof. Note first that, from Proposition 3.7, one has for any two positive numbers ¢ and 7 the
bound

u(lz] < 7 ullz] > £ = /|

jell<r /ny|>t pldey i) = / £

2
< (dx) p(dy) = S =7\ 3.3)
/”x”>t\/§T /”y“>t\/§ e M(HZEH \/5)

In order to go from the first to the second line, we have used the fact that the triangle inequality
implies

p(dz) p(dy)

||<T/Ij;>t

min{ ||z, [lyll} > 3(llz + ]l - ll= = y]) .

so that ||z + y|| > v/2t and ||z — y|| < v/27 do indeed imply that both ||z|| and ||y|| are greater
than t_T; Since ||z|| is p-almost surely finite, there exists some 7 > 0 such that u(||z| < ) > 3.

Set now ¢y = 7 and define ¢, for n > 0 recursively by the relation ¢, = t”*% It follows from

(3.3) that

_ 2
sz > tnen) < plllzl) < Dpclall > tar) < p(lle] > =557)" < ple] > )2
so that u(||z|| > tne1) < 2u(|z|| > tn)?. Applying this inequality repeatedly, we obtain
pllz]] > tn) < 22" p(flal] > t)?" < 22T <97

n—+1
On the other hand, one can check explicitly that ¢,, = %7’ < on/2 . 2+ ﬁ)T, so that in
particular ¢, 1 < 2/2 - 57. This shows that one has the bound

ti+1
wle] > 1) < 2B

implying that there exists o > 0 such that p(||z|| > t) < exp(—2at?) for every ¢t > 7. Integrating
by parts, we finally obtain

2 ar? o at? at? o —at?
exp(al|z||?) pdz) < e + 2« te™ p(||x]| > t)dt < e + 2 te dt < oo,
B T T
which is the desired result. O

As an immediate corollary, we have

Corollary 3.9 There exists a constant ||C,|| < oo such that Cy,(¢,0") < ||Cu||[[€|[|¢'|| for any
0,0 € B*. In particular, C,, can be interpreted as a continuous operator from B* to B when B is
reflexive.

Actually, C), is more than just bounded. If 1 happens to be a Hilbert space, one has indeed
the following result, which allows us to characterise in a very precise way the set of all centred
Gaussian measures on a Hilbert space:

Propositi()n 3.10 If B = H is a Hilbert space, then the operator éu: ‘H — 'H defined by the
identity (C,h, k) = Cy(h, k) is trace class and one has the identity

/H | z||? pu(dzx) = tréﬂ ) (3.4)

(Here, we used Riesz’s representation theorem to identify H with its dual.)
Conversely, for every positive trace class symmetric operator K: H — 'H, there exists a Gaus-
sian measure (1 on 'H such that C,, = K.
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Proof. Fix an arbitrary orthonormal basis {e,, } of . We know from Theorem 3.8 that the second
moment of the norm is finite: [;, ||A]|* u(dh) < co. On the other hand, one has

/H|h]|2u(dh):;/Hm,en)Qu(dh):71221(6”,(7#6“} —uC,,

which is precisely (3.4). To pull the sum out of the integral in the first equality, we used Lebegue’s
dominated convergence theorem.

In order to prove the converse statement, since K is compact, we can find an orthonormal
basis {e,} of H such that Ke,, = A,e, and \, > 0, >, A, < oo. Let furthermore {&,} be
a collection of i.i.d. A(0,1) Gaussian random variables (such a family exists by Kolmogorov’s
extension theorem). Then, since ., \,E{2 = tr K < oo, the series Y, VAnénen converges
almost surely in H. One can easily check that the law of the limiting random variable is Gaussian
and has the requested covariance. O

In many situations, it is furthermore helpful to find out whether a given covariance structure
can be realised as a Gaussian measure on some space of Holder continuous functions. This can be
achieved through the following version of Kolmogorov’s continuity criterion, which can be found
for example in [RY94, p. 26]:

Theorem 3.11 (Kolmogorov) For d > 0, let C: [0, 114 x [0, 119 - Rbea symmetric function
such that, for every finite collection {x;}!", of points in [0, 119, the matrix Cij = Clxi, xj) is
positive definite. If furthermore there exists a > 0 and a constant K > 0 such that C(x,x) +
C(y,y) — 20(z,y) < Kl|x — y|?® for any two points z,y € [0,1]? then there exists a unique
centred Gaussian measure [ on C([0, 114, R) such that

/ F@)f) pldf) = Ca, y). (3.5)
C([O,l]d,R)

for any two points x,y € [0, 11%. Furthermore, for every B < «, one has ,u(CB([O, 1]d,R)) =1,
where C5([0, 114, R) is the space of -Holder continuous functions.

Before we turn to the proof of Theorem 3.11, we make a few preparations.

Proof of Theorem 3.11. Set B = C([0,11¢,R) and B* its dual, which consists of the set of Borel
measures with finite total variation [Yos95, p. 119]. Since convex combinations of Dirac measures
are dense (in the topology of weak convergence) in the set of probability measures, it follows that
the set of linear combinations of point evaluations is weakly dense in 3*. Therefore, the claim
follows if we are able to construct a measure p on B such that (3.5) holds and such that, if f is
distributed according to 1, then the law of f(x) is Gaussian for every = € [0, 1]%.

By Kolmogorov’s extension theorem, we can construct a measure (i on RIO1 endowed with
the product o-algebra such that the laws of all finite-dimensional marginals are Gaussian and
satisfy (3.5). We denote by X a RI%1?_valued random variable with law Lo-

Denote now by D C [0, 1]¢ the subset of dyadic numbers and define the event 3 by

{X:X@ﬂg&gX@kmmﬂnwawremjﬂmwwamngWmJﬂR&.
yeD

Since the event {23 can be constructed from evaluating X at only countably many points, it is a
measurable set. For the same reason, the map ¢: ROV, ¢B ([0, l]d, R) given by

X ifX €Q;,
*X) _{ 0 otherwise
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is measurable with respect to the product o-algebra on RI%!”, 5o that the claim follows if we
can show that £10(€2g) = 1 for every 3 < a. (Take u = ¢*i9.) Denoting the 3-Holder norm of
X by Mp(X) = sup, ., yept| X (@) — XW)|/|z — y|?}, we see that Q5 can alternatively be
characterised as Qg = {X : Mp(X) < oco}.

Denote by D,,, C D the set of those numbers whose coordinates are integer multiples of 27
and denote by A, the set of pairs =,y € D,, such that |x —y| = 27"™. In particular, note that A,
has at most 224 such pairs. We are now going to make use of our simplifying assumption that
we are dealing with Gaussian random variables, so that pth moments can be bounded in terms of
second moments. More precisely, for every p > 1 there exists a constant C), such that if X is a

Gaussian random variable, then one has the bound E| X |P < (E|X|?)? /2,
Setting K,,(X) = SUP, yeA,, | X (x) — X(y)| and fixing some arbitrary 3’ € (0, ), we see
that for p > 1 large enough, there exists a constant K, such that

EK(X)< > EX@-X@P<C Y. EX@) - X@)*y?

TYEAm z,YEAmM
=0, Y (C,2)+ Cly,y) — 20(, y)"? < K 2m+2d-—amp
z,y€Am
< Kp27Pme

(In order to obtain the last inequality, we had to assume that p > a_d 7 mTH which can always be

achieved since we assumed that 5’ < «.) Using Jensen’s inequality, this shows that there exists a
constant K’ such that the bound
EK,,(X) < K'270™ (3.6)

holds uniformly in m. Fix now any two points z,y € D with x # y and denote by m the largest
m such that |z — y| < 27™. One can then find sequences {zy, }n>m, and {yn}n>m, With the
following properties:

1. One has lim;, .o, x, = x and lim,, 00 Y, = ¥.
2. Either Zy,, = Ymy OF (Timg, Ymg) € Amyg-

3. For every n > mg, x, and x,41 can be connected by at most d ‘bonds’ in A,,; and
similarly for (Y, Yn+1)-

One way of constructing this sequence is to order elements in D,, by

lexicographic order and to choose z,, = max{zZ € D,, : Z; < x; Vj}, as
illustrated in the picture to the right. This shows that one has the bound o

In

X (@) = X@)| < [ X@me) = Y @mo)l + D> [X(@ng1) — X(@n)]

n=mg

+ ) X Wngr) — X))l

n=mg

< Kng(X) +2d Y K (X) <2d ) Kp(X) .

n=mgq n=mgq
Since mg was chosen in such a way that |z — y| > 270! one has the bound

o0 [e.o]
Mp(X) < 2d sup 270D N~ K, (X) < 2°T1d Y 20" K, (X))

m20 n=m n=0
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It follows from this and from the bound (3.6) that

el %)
E|Mp(X)| < 2°71d Y 2P EEK,(X) < 20 1dK' " 207 < oo
n=0 n=0
since 3’ was chosen strictly larger than (. 0

Remark 3.12 The space C?([0, 1]%,R) is not separable. However, the space Cg ([0,11%,R) of

If(x)—féwl
lz—y]
separable (polynomials with rational coefficients are dense in it). This is in complete analogy

with the fact that the space of bounded measurable functions is not separable, while the space of
continuous functions is.

It is furthermore possible to check that C#' Cg for every 3 > 3, so that Exercise 3.29 below
shows that i can actually be realised as a Gaussian measure on Cg ([0, 114, R).

Holder continuous functions that furthermore satisfy lim,_., = 0 uniformly in z is

Exercise 3.13 Try to find conditions on G C R? that are as weak as possible and such that
Kolmogorov’s continuity theorem still holds if the cube [0, 1]? is replaced by G. Hint: One
possible strategy is to embed G into a cube and then to extend C(x, ) to that cube.

Exercise 3.14 Show that if GG is as in the previous exercise, H is a Hilbert space, and C: G x G —
L(H,H) is such that C'(x,y) positive definite, symmetric, and trace class for any two x,y €
G, then Kolmogorov’s continuity theorem still holds if its condition is replaced by tr C(x, x) +
trC(y,y) —2tr C(z,y) < K|x —y|*. More precisely, one can construct a measure y on the space
C5(10, 114, H) such that

Lo F@) (), ) ) = (B Ol k)
CA([0,1]¢,R)

forany x,y € Gand h, k € H.

Corollary 3.15 Let {ny}r>0 be countably many i.i.d. standard Gaussian random variables (real
or complex). Moreover let { fi. } ;>0 C Lip(G, C) where the domain G C R% is sufficiently regular
for Kolomgorov’s continuity theorem to hold. Suppose there is some § € (0,2) such that

St = Ifulli~ <oo and 53 =73 [Ifill 72 Lip(f)° < o0,
kel kel

and define f = ;. c; Mk fi- Then f is almost surely bounded and continuous.

Proof. From the assumptions we immediately derive that f(x) and f(x) — f(y) are a centred
Gaussian for any z,y € G. Moreover, the corresponding series converge absolutely. Using that
the 7y are i.i.d., we obtain

E|f@) — f@P =D |fr@ = fr* < min{2|| fi]|3 . Lip(fr)*|z — y|*}

kel kel
<237 || £l Z0Lip(f) |z — y)° = 23]z — y|°
kel

where we used that min{a, bz>} < a'~%/26%/2|2|® for any a,b > 0. The claim now follows from
Kolmogorov’s continuity theorem. O
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3.2 The Cameron-Martin space

Given a Gaussian measure y on a separable Banach space B, it is possible to associate to it in
a canonical way a Hilbert space H,, C B, called the Cameron-Martin space of p. The main
importance of the Cameron-Martin space is that it characterises precisely those directions in 5 in
which translations leave the measure p ‘quasi-invariant’ in the sense that the translated measure
has the same null sets as the original measure. In general, the space H,, will turn out to be strictly
smaller than . Actually, this is always the case as soon as dim ,, = co. Contrast this to the case
of finite-dimensional Lebesgue measure which is invariant under translations in any direction!
This is a striking illustration of the fact that measures in infinite-dimensional spaces have a strong
tendency of being mutually singular.

The definition of the Cameron-Martin space is the following, where we postpone to Re-
mark 3.17 and Proposition 3.20 the verification that ||A||,, is well-defined and that [|A|, > 0
for h #£ 0:

Definition 3.16 The Cameron-Martin space H,, of p is the completion of the linear subspace
H,, C B defined by

Hyu={h€B: 3" € B* with C(h*,0) = U(h) VL € B*}

under the norm HhHi = (h, h), = Cu(h*, h*). It is a Hilbert space when endowed with the scalar
product (h, k), = Cu(h*, k").

Remark 3.17 Even though the map A — h* may not be one to one, the norm |[|h|, is well-
defined. To see this, assume that for a given h € 'H,,, there are two corresponding elements h] and
h3 in B*. Then, defining £ = h] + h3, one has

C,(h1, h]) — Cu(h3, h) = Cu(hl, k) — Cu(hy, k) = k(h) — k(h) =0,
showing that ||h||,, does indeed not depend on the choice of h*.

Exercise 3.18 The Wiener measure y is defined on B = C([0, 1], R) as the centred Gaussian
measure with covariance operator given by C},(ds,0;) = s A t. Show that the Cameron-Martin
space for the Wiener measure on B = C([0, 1], R) is given by the set of all absolutely continuous
functions A such that fol h2(t) dt < oo.

Exercise 3.19 Show that in the case B = R", the Cameron-Martin space is given by the range of
the covariance matrix. Write an expression for ||A||,, in this case.

Let us discuss a few properties of the Cameron-Martin space. First of all, we show that it is a
subspace of B despite the completion procedure and that all non-zero elements of H,, have strictly
positive norm:

Proposition 3.20 One has 'H,, C B. Furthermore, one has the bound

(hyhyu = | Cull ™R (3.7)

where the norms on the right hand side are understood to be taken in B.
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Proof. One has the chain of inequalities

{(h)? Cpu(h*, 0)? Cu(h*, h*) Cp(l, £)
A = sup ez =, sup o g S sup = e a < NCulllh, MYy,
te\foy 1P rep\goy 1€l teB\{0} 14

which yields the bound on the norms. The fact that H,, is a subset of B then follows from the fact
that B is complete and that Cauchy sequences in H,, are also Cauchy sequences in B by (3.7). O

Another remark is that the correspondence h — h* in the definition of 7%“ is not necessarily
unique. Consider for example the case p = 4o, so that C;, = 0. If one chooses h = 0, any h* € B
has the required property that C,(h*, £) = ¢(h). However, if we view B* as a subset of L2(B, 1)
(by identifying linear functionals that agree p-almost surely), then the correspondence h — h*
is an isomorphism. One has indeed [z h*(z)* u(dx) = C,(h*, h*) = ||h|]i In particular, if A}
and hj are two distinct elements of B* associated to the same element A € B, then h] — hj is
associated to the element 0 and therefore [ (h}(x) — h;(x))2 p(dz) = 0, showing that hy = hg as
elements of L?(B, 11). We have:

Proposition 3.21 There is a canonical isomorphism v: h — h* between 'H,, and the closure R,
of B* in L*(B, ).

Proof. We have already shown that v: H, — L?(B, ;1) is an isomorphism onto its image, so it
remains to show that all of B* belongs to the image of ¢. For h € B*, define h, € B by

hy = /Bxh(x)u(dx).

(This integral converges since || ||? is integrable by Fernique’s theorem.) Since one has the identity
U(hy) = CL (L, h), it follows that h, € H,, and h = 1(h,), as required to conclude the proof. O

Remark 3.22 The space IR, is called the reproducing kernel Hilbert space for ju (or just repro-
ducing kernel for short). However, since it is isomorphic to the Cameron-Martin space in a natural
way, there is considerable confusion between the two in the literature. We retain in these notes the
terminology from [Bog98].

Remark 3.23 Since L?(B, 11) is separable if B is separable, the same is true for H, and R,,. In
general, there do however exist Gaussian measures with non-separable Cameron-Martin space.

Exercise 3.24 Let i be a Gaussian measure on a Hilbert space H with covariance K and consider
the spectral decomposition of K: Ke,, = A\,e, with anl An < o0o. Assume that \,, > 0 for

every n. Show that 7:{# is given by the range of K and that the correspondence h — h* is given
by h* = K~'h. Show furthermore that the Cameron-Martin space H . consists of those elements
h of H such that 37,51 A, ! (h, €,)? < oo and that (h, k), = (K~Y2h, K~1/2E).

Exercise 3.25 Show that one has the alternative characterisation
|All, = sup{(h) : Cu(l,0) <1}, (3.8)

and H, = {h € B : ||h]|, < oo}. Hint: Use the fact that in any Hilbert space H, one has
12]l = sup{(k,h) : [k]| < 1}.

Note also that
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Proposition 3.26 The law of any element of R, is a centred Gaussian.

Proof. We already know from the definition of a Gaussian measure that the law of any element of
B* is a centred Gaussian. Let now h be any element of R, and let h,, be a sequence in R, N B*
such that h, — hin R,. We see that, if h and g are any two centred random variables with
variances U,% and 03 respectively, then

Eh—g)? =0l + 03 — 2Ehg > o7 + 03 —2|opog| = (Jon| — |og|)2 ,

thus showing that the variances 2 of h,, form a Cauchy sequence in R and therefore have a limit
o2. Since L?-convergence implies convergence in law and since we know that if o,, — o, then
N(0,02) — N(0,0?) in law, we conclude that the law of h is given by N'(0, o2). O

Furthermore, elements in R, are ‘almost’ linear functionals on B in the following sense:

Proposition 3.27 For every { € R, there exists a subspace V; of B such that (V;) = 1 and a
linear map {:V; — R such that £ = { p-almost surely.

Proof. Fix { € R,,. By the definition of 1, and Borel-Cantelli, we can find a sequence /,, € B*
such that lim, o £,(x) = £(x) for pu-almost every x € B. (Take for example ¢, such that
14, — EH% < n~%)) It then suffices to define

Ve=A{x: nangO lp(x) exists} ,
and to set 2(9:) = lim,,_, oo £ (x) on V. O

Remark 3.28 Actually, the converse of Proposition 3.27 is also true: if /: 3 — R is measurable
and linear on a subspace of full measure, then ¢ belongs to R,,. This is not an obvious statement.
It uses the highly non-trivial fact that every Borel measurable linear map between two ‘nice’
topological vector spaces is bounded (see for example [Sch66, Kat82]), but we will not give its
proof in these notes.

Exercise 3.29 Show that if B C B is a continuously embedded Banach space with ;(B) = 1,
then the embedding B* — R,, extends to an embedding B* — R,,. Deduce from this that the
restriction of y to Bis again a Gaussian measure. In particular, Kolmogorov’s continuity criterion
yields a Gaussian measure on Cg (0,114, R).

The properties of the reproducing kernel space of a Gaussian measure allow us to give another
illustration of the fact that measures on infinite-dimensional spaces behave in a rather different
way from measures on R™:

Proposition 3.30 Let i be a centred Gaussian measure on a separable Banach space B such that
dim'H,, = oc. Denote by D, the dilatation by a real number c on B, that is D.(x) = cx. Then, p
and D} are mutually singular for every ¢ # *£1.

Proof. Since the reproducing Kernel space I, is a separable Hilbert space, we can find an or-
thonormal basis {ey, },>0. Consider the sequence of random variables X y(z) = % 22;1 |en(:zc)]2
over B. If B is equipped with the measure p then, since the e, are independent under y, we can
apply the law of large numbers and deduce that

A}gnoo Xn(@) =1, (3.9
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for p-almost every z. On the other hand, it follows from the linearity of the e,, that when we equip
B with the measure D7 1, the e, are still independent, but have variance 2, so that

: _ 2
]\}gnmXN(x)—c ,

for D} pu-almost every x. This shows that if ¢ # +1, the set on which the convergence (3.9) takes
place must be of D} y-measure 0, which implies that 1 and D} ;o are mutually singular. O

As already mentioned earlier, the importance of the Cameron-Martin space is that it represents
precisely those directions in which one can translate the measure p without changing its null sets:

Theorem 3.31 (Cameron-Martin) For h € B, define the map Ty,:B — B by Ty(x) = = + h.
Then, the measure T} 1 is absolutely continuous with respect to i if and only if h € 'H,,.

Proof. Fix h € H, andleth* € L?(B, 1) be the corresponding element of the reproducing kernel.
Since the law of h* is Gaussian by Proposition 3.26, the map x — exp(h*(x)) is integrable. Since
furthermore the variance of h* is given by ||h||?, the function

Dh(x) = exp(h*(x) — 5|h]2) (3.10)

is strictly positive, belongs to L'(13, 11), and integrates to 1. It is therefore the Radon-Nikodym
derivative of a measure py, that is absolutely continuous with respect to p. To check that one
has indeed p;, = T}, it suffices to show that their Fourier transforms coincide. Assuming that
h* € B*, one has

fuin(0) = /B exp(il(x) + h*(x) — 3[|h]|2) p(dx) = exp(3Cpu(il + h* il + h*) — §||h||%)
= exp(—1Cu(l, ) — iCy(l, h*)) = exp(—3CLu(l, 0) + il(h)) .
Using Lebegue’s dominated convergence theorem, it is an easy exercise to check that this equality

still holds for arbitrary h € H,,.
On the other hand, we have

Ty () = / exp(il(x)) Tj p(dx) = / exp(il(z + h)) p(dx) = '™ / exp(il(z)) u(dz)
B B B
= exp(—3Cu((, 0) + il(h)) ,

showing that pj, = T} .

To show the converse, note first that one can check by an explicit calculation that || AV(0,1) —
N, Dty > 2 —2 exp(—h;). Fix now some arbitrary n > 0. If h ¢ 'H,, then, by Exercise 3.25,
there exists £ € B* with C,(¢,¢) = 1 such that /(h) > n. Since the image ¢* 1 of 1 under £ is
N (0, 1) and the image of T} 1 under ¢ is N'(—£(h), 1), this shows that

2
* * ES * n
e — Ty pllrv > 1650 — €Ty pllrv = IN(0,1) = N(—£(h), DIty > 2 — 2exp(—g) -

Since this is true for every n, we conclude that || — 75 u|[tv = 2, thus showing that they are
mutually singular. O

As a consequence, we have the following characterisation of the Cameron-Martin space
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Proposition 3.32 The space 'H,, C B is the intersection of all linear subspaces of full measure.
However, if H,, is infinite-dimensional, then one has (H,) = 0.

Proof. Take an arbitrary linear subspace V' C B of full measure and take an arbitrary h € H,. It
follows from Theorem 3.31 that the affine space V' —h also has full measure. Since (V —h)NV = ¢
unless b € V, one must have h € V,sothat H,, € (\{V C B : (V) = 1}.

Conversely, take an arbitrary ¢ H,, and let us construct a linear space V' C B of full measure,
but not containing x. Since z ¢ H,, one has ||z||,, = oo with || - ||, extended to B as in (3.8).
Therefore, we can find a sequence £,, € B* such that C,(¢,,,¢,) < 1 and /() > n. Defining the
norm |y|> =3, n=2(L,(y))?, we see that

2

N S 2 ™
/B |yl u(dy)—n;nQ /B (bn(®))” uldy) < -,

so that the linear space V' = {y : |y| < oo} has full measure. However, |z| = oo by construction,
sothatx ¢ V.

To show that u(H,) = 0 if dim’H,, = oo, consider an orthonormal sequence e,, € R, so that
the random variables {e,(x)} are i.i.d. N'(0, 1) distributed. By the second Borel-Cantelli lemma, it
follows that sup,, |e,(2)| = oo for p-almost every x, so that in particular [|z[|2 > 3, €2 (x) = 0o
almost surely. O

Exercise 3.33 Recall that the (topological) support supp . of a Borel measure on a complete sep-
arable metric space consists of those points = such that u(U) > 0 for every neighbourhood U of
x. Show that, if y is a Gaussian measure, then supp . is the closure H,, of H,, in B.

3.3 Images of Gaussian measures

It follows immediately from the definition of a Gaussian measure and the expression for its Fourier
transform that if x is a Gaussian measure on some Banach space B and A: 3 — B is a bounded
linear map for B, some other Banach space, then v = A*p is a Gaussian measure on By with
covariance

Cl/(ga ZI) = CM(A*& A*ZI) s

where A*: B; — B* is the adjoint to A.

Recall now that H, is the intersection over all linear subspaces of 5 that have full measure
under p. This suggests that in order to determine the image of 1 under a linear map, it is sufficient
to know how that map acts on elements of H,,. This intuition is made precise by the following
theorem:

Theorem 3.34 Let 1 be a centred Gaussian probability measure on a separable Banach space
B. Let furthermore 'H be a separable Hilbert space and let A:'H,, — H be a Hilbert-Schmidt
operator. (That is AA*:H — H is trace class.) Then, there exists a measurable map A:B—H
such that v = A*i is Gaussian with covariance Cy(h, k) = (A*h, A*k) u- Furthermore, there
is a subspace V. C B of full y-measure such that A restricted to V is linear and A restricted to
H,, C V agrees with A.

Proof. Let {ey, }»>1 be an orthonormal basis for ,, and denote by e; the corresponding elements
inR, C L?(B, 1). Recall from Proposition 3.27 that we can find subspaces V., of full measure
such that e}, is linear on V,, . Define now a linear subspace V' C B by

V= {x € ﬂ Ve, : Z ey (x)Aey, converges in 'H} ,
n>0 n>0
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(the fact that V' is linear follows from the linearity of each of the €};) and set

i) Ypsoen(@Ae, forz eV,
Alz) = { 0 otherwise.

Since the random variables {e* } are i.i.d. N'(0, 1)-distributed under y, one has
2
E#HZ e;AenH = Z |Aen||? = tr A*A < oo
n>1 n>1

as a consequence of A being Hilbert-Schmidt. Therefore, ;1 (V) = 1.

To see that v = A* w has the stated property, fix an arbitrary h € H and note that the series
S n>1 €5 (Aen, h) converges in R, to an element with covariance ||A*h||2. The statement then
follows from Proposition 3.26 and the fact that C,(h, k) determines C,, by polarisation. To check
that v is Gaussian, we can compute its Fourier transform in a similar way. O

Remark 3.35 Similarly to Proposition 3.27, the converse is again true: if A: B — H is a measur-
able map which is linear on a subspace of full measure and agrees with A on H,,, then it agrees
p-almost surely with the extension constructed in Theorem 3.34.

3.4 Cylindrical Wiener processes and stochastic integration

Central to the theory of stochastic PDEs is the notion of a cylindrical Wiener process. Recall
that the usual (one-dimensional) Wiener process is a real-valued Gaussian process B(t) such that
B(0) = 0 and E|B(t) — B(s)|> = |t — s| for any pair of times s, *. From our Gaussian measure
point of view, the Wiener process can always be realised as the canonical process for the Gaussian
measure on C(R, R) with covariance function C(s,t) = s At = min{s,¢}. (See Kolmogorov’s
continuity theorem.)

Let us now fix a (separable) Hilbert space H, as well as a larger Hilbert space H’ containing
"H as a dense subset and such that the inclusion map ¢: H — H' is Hilbert-Schmidt. Given H, it is
always possible to construct a space H’ with this property: choose an orthonormal basis {e,, } of
‘H and take H’ to be the closure of H under the norm

1
el = 3 = {a,en)?

n=1

One can check that the map «.* is then given by t*e,, = #en, so that it is indeed trace class.

Definition 3.36 Let H and H’ be as above. We then call a cylindrical Wiener process on H an
H’-valued Gaussian process W such that

E(h, W(s))w (W @), k)rr = (s AR, k) = (s A, k) (3.11)

for any two times s and ¢ and any two elements h, k € H'. By Kolmogorov’s continuity theorem,
this can be realised as the canonical process for some Gaussian measure on C(R, H).

Proposition 3.37 In the same setting as above, the Gaussian measure |, on H' with covariance
w* has H as its Cameron-Martin space. Furthermore, ||h||% = ||h||* for every h € 'H.
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Proof. 1t follows from the definition of H p that this is precisely the range of 1* and that the map
h +— h* is given by h* = (1.*)~'h. In particular, 'H,, is contained in the range of ¢. Therefore, for
any h, k € 7:(#’ there exist i, § € H such that h = ¢h and k = 1k. Using this, we have

(hy k) = (R E )y = (h, (LL*)_1k>H/ = (Lﬁ, (LL*)_IL];‘>H/ = <]AI,L*(LL*)_1L];‘> = <iL, l%) ,
from which the claim follows. O

The name ‘cylindrical Wiener process on H’ may sound confusing at first, since it is actually
not an H-valued process. (A better terminology may have been ‘cylindrical Wiener process over
‘H’, but we choose to follow the convention that is found in the literature.) Note however that
if h is an element in H that is in the range of ¢* (so that +h belongs to the range of «.* and
()" h = h), then

(h, k) = (F () L k) = () e, k)
In particular, if we pretend that W (t) belongs to H (which is of course not true), then we get

E(h, W(s))(W(t), k) = E((t*) eh, W (8)) 3¢ ((te*) ke, (W (1)) 940
= (s At)(w* () Leh, () k)
= (s A t){th, (LL*)_lbk‘)'H/ = (s At)(h, ¥ () Lik)
= (s ANt)(h, k) .

Here we used (3.11) to go from the first to the second line. This shows that W (t) should be
thought of as an H-valued random variable with covariance ¢ times the identity operator (which
is of course not trace class if H is infinite-dimensional, so that such an object does not exist in
general). Combining Proposition 3.37 with Theorem 3.34, we see however that if X is some
Hilbert space and A: H — K is a Hilbert-Schmidt operator, then the K-valued random variable
AW (t) is well-defined. (Here we made an abuse of notation and also used the symbol A for the
measurable extension of A to 7’.) Furthermore, its law does not depend on the choice of the larger
space H'.

Example 3.38 (White noise) Recall that we informally defined ‘white noise’ as a Gaussian pro-
cess & with covariance E{(s)E(t) = d(t — s). In particular, if we denote by (-, -) the scalar product
in L2, this suggests that

E(g,€)(h,&) =E / / JRBES)ER) ds dit = / / JSRBE — s)dsdt = (g.h) . (3.12)

This calculation shows that white noise can be constructed as a Gaussian random variable on any
space of distributions containing L? and such the embedding is Hilbert-Schmidt. Furthermore, by
Theorem 3.34, Integrals of the form [ g(¢)&(¢) dt can be well-defined. Taking for g the indicator
function of the interval [0, s], we can check that the process B(t) = f(f &(s)ds is a Brownian
motion, thus justifying the statement that ‘white noise is the derivative of Brownian motion’.

This will allow us to define a Hilbert space-valued stochastic integral against a cylindrical
Wiener process in pretty much the same way as what is usually done in finite dimensions. In the
sequel, we fix a cylindrical Wiener process W on some Hilbert space H C H’, which we realise
as the canonical coordinate process on 2 = C(R,,H’) equipped with the measure constructed
above. We also denote by .7, the o-field on 2 generated by {W,. : r < s}.



GAUSSIAN MEASURE THEORY 21

Consider now a finite collection of disjoint intervals (s,,t,] C Ry withn =1,..., N and a
corresponding finite collection of .%;, -measurable random variables ®,, taking values in the space
Lo(H, K) of Hilbert-Schmidt operators from H into some other Hilbert space K. Let furthermore
® be the L2(R, x , La(H, K))-valued function defined by

N
O(t,w) =D Pp(w) 15, 1,11

n=1

where we denoted by 14 the indicator function of a set A. We call such a ® an elementary process

onH.

Definition 3.39 Given an elementary process ¢ and a cylindrical Wiener process W on H, we
define the -valued stochastic integral

00 ) N
/0 B(t) AW () =S @ (W) (W (k) — W(sp)) -

n=1

Note that since ®,, is .%;, -measurable, ®,,(WW) is independent of W (¢,,) — W (sy,), therefore each
term on the right hand side can be interpreted in the sense of the construction of Theorem 3.34.

It follows from Theorem 3.34 and (3.4) that one has the identity

00 2 N 00
EH /0 D(t) dW(t)H’C = 3" Ew(®,(W)P5(W))(ty — 50) = E /O w OB () dt, (3.13)
n=1

which is an extension of the usual Itd isometry to the Hilbert space setting. It follows that the
stochastic integral is an isometry from the subset of elementary processes in L2(R xQ, Lo(H, K))
to L%(Q, K).

Let now %, be the ‘predictable’ o-field, that is the o-field over R x € generated by all
subsets of the form (s, ] x A with ¢ > s and A € .%;. This is the smallest o-algebra with respect
to which all elementary processes are .7,,-measurable. One furthermore has:

Proposition 3.40 The set of elementary processes is dense in the space Lgr(R+ x Q, Lo(H, K))
of all predictable Lo(H, K)-valued processes.

Proof. Denote by ﬁpr the set of all sets of the form (s, t] x A with A € .%,. Denote furthermore
by ﬁgr the closure of the set of elementary processes in L2. One can check that Fpr is closed under
intersections, so that 15 € ﬁgr for every set GG in the algebra generated by f/”pr. It follows from

the monotone class theorem that 15 € I:gr for every set G € .#. The claim then follows from
the definition of the Lebesgue integral, just as for the corresponding statement in R. O

By using the It6 isometry (3.13) and the completeness of L?(€2, K), it follows that:

Corollary 3.41 The stochastic integral [;° ®(t)dW (t) can be defined for every process ® &
L3Ry x Q, Lo(H, K)).

This concludes our presentation of the basic properties of Gaussian measures on infinite-
dimensional spaces. The next section deals with the other main ingredient to solving stochastic
PDEs, which is the behaviour of deterministic linear PDEs.
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4 Some semigroup theory

This section is strongly based on the monograph [Dav80] for the first part on strongly contin-
uous semigroups and very loosely follows [Yos95] and [Lun95] for the second part on analytic
semigroups. Its aim is to give a rigorous meaning to solutions to linear equations of the type

Owx =Lz, x(0)=uxq, 4.1)

where x takes values in some Banach space and L is a possibly unbounded operator on that Banach
space. From a formal point of view, if such a solution exists, one expects the existence of a linear
operator S(t) that maps the initial condition xg onto the solution z(t) of (4.1) at time ¢. If such a
solution is unique, then the family of operators S(t) should have the property that S(t) o S(s) =
S(t + s). This motivates the following definition:

Definition 4.1 A semigroup S(¢) on a Banach space B is a family of bounded linear operators
{S(t)}+>0 with the properties that S(t) o S(s) = S(t + s) for any s,¢ > 0 and that S(0) = Id. A
semigroup is furthermore called

o strongly continuous if the map (z, t) — S(t)z is strongly continuous.

e analytic if there exists § > 0 such that the map ¢t — S(¢) has an analytic extension to
{\ € C : |arg \| < 0}, satisfies the semigroup property there, and is such that ¢ — S(e’#t)
is a strongly continuous semigroup for every |p| < 6.

A strongly continuous semigroup is also called a Cyp-semigroup.

Exercise 4.2 Show that being strongly continuous is equivalent to ¢ — S(¢)x being continuous at
t = 0 for every € BB and the operator norm of S(t) being bounded by Me® for some constants
M and a. Show then that the first condition can be relaxed to ¢t — S(t)z being continuous for
all x in some dense subset of B. (However, the second condition cannot be relaxed in general.
See Exercise 5.20 on how to construct a semigroup of bounded operators such that ||.S(¢)| is
unbounded near ¢t = 0.)

Remark 4.3 Some authors, like [Lun95], do not impose strong continuity in the definition of an
analytic semigroup. This can result in additional technical complications due to the fact that the
generator may then not have dense domain.

This section is going to assume some familiarity with functional analysis. All the necessary
results can be found for example in the classical monograph by Yosida [Yos95]. Recall that an
unbounded operator L on a Banach space B consists of a linear subspace D(L) C B called the
domain of L and a linear map L: D(L) — B. The graph of an operator is the subset of B x B
consisting of all elements of the form (x, Lz) with € D(L). An operator is closed if its graph is
a closed subspace of B x B. It is closable if the closure of its graph is again the graph of a linear
operator and that operator is called the closure of L.

Exercise 4.4 Show that L being closed is equivalent to the fact that if {x,,} C D(L) is Cauchy in
B and {Lx,} is also Cauchy, then & = lim,,_,~, 2, belongs to D(L) and Lz = lim,,—.c Lzy,.

The resolvent set (L) of an operator L is defined by

o(L) = {X € C : range(A — L) is dense in B and A — L has a continuous inverse.} ,
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and the resolvent R, is given for A\ € o(L) by Ry = (A — L)~!. (Here and in the sequel we view
B as a complex Banach space. If an operator is defined on a real Banach space, it can always be
extended to its complexification in a canonical way and we will identify the two without further
notice in the sequel.) The spectrum of L is the complement of the resolvent set.

The important results that we are going to use are that any closed operator with non-empty
resolvent set is defined in a unique way by its resolvent. Furthermore, the resolvent is an analytic
function from o(L) to the space L£(3) of bounded linear operators on B which all commute and
satisfy the resolvent identity

Ry — Ry = (1~ MRuR |

for any two A, u € o(L).

4.1 Strongly continuous semigroups

We start our investigation of semigroup theory with a discussion of the main results that can be
obtained for strongly continuous semigroups. Given a Cp-semigroup, one can associate to it a
‘generator’, which is essentially the derivative of S(¢) at t = 0:

Definition 4.5 The generator L of a Cy-semigroup is given by
Lz = lim t Stz — ), 4.2)

on the set D(L) of all elements z € B such that this limit exists.

The following result shows that if L is the generator of a Cy-semigroup S(t), then x(t) =
S(t)xo is indeed the solution to (4.1) in a weak sense.

Proposition 4.6 The domain D(L) of L is dense in B, invariant under S, and 0;S(t)x = LS({t)x =
S(t)Lx for every x € D(L) and every t > 0. Furthermore, for every £ € D(L*) and every x € B,
the map t — (¢, S(t)x) is differentiable and one has 0y{¢, S(t)x) = (L*¢, S(t)x).

Proof. Fix some arbitrary x € BB and set x; = f(f S(s)x ds. One then has

1 1 t+h t
lim b (S(h)wy — @) = Jim b~ ( /h S(s)x ds — /O S(s)z ds)
) 1 t+h h
= }l}_}rrbh (/t S(s)xds — /0 S(s)x ds) =Sz —=x,

where the last equality follows from the strong continuity of .S. This shows that z; € D(L). Since
t~lz; — z ast — 0 and since = was arbitrary, it follows that D(L) is dense in B. To show that it
is invariant under S, note that for x € D(L) one has

Jim h(S(h)St)x — S(t)x) = S(t) Jim h1(S(h)x — z) = S(t) Lz ,

so that S(t)x € D(L) and LS(t)x = S(t)Lx. To show that it this is equal to 0;S(t)z, it suffices to
check that the left derivative of this expression exists and is equal to the right derivative. This is
left as an exercise.

To show that the second claim holds, it is sufficient (using the strong continuity of S) to check
that it holds for x € D(L). Since one then has S(t)x € D(L) for every t, it follows from the
definition (4.2) of D(L) that t — S(¢)x is differentiable and that its derivative is equal to LS(t)x.

O
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It follows as a corollary that no two semigroups can have the same generator, which justifies
the notation S(t) = e that we are occasionally going to use in the sequel.

Corollary 4.7 If a function x:[0,1] — D(L) satisfies Orxy = Lxy for every t € [0,1], then
xr = S(t)xg. In particular, no two distinct Co-semigroups can have the same generator.

Proof. Fix an arbitrary £ € D(L*) and T' € (0, 1). It follows from Proposition 4.6 that the map
t — (£, S(t)xp—) is continuous on [0,7'] and differentiable on (0, 7)) and that 9;,S(t)xr—; =
LSW)xp_y — St)Lxp_y = 0, so that zp = S(T)xg. O

Exercise 4.8 Show that the semigroup S(t) on L?(R) given by

(SOE = fE+1D,

is strongly continuous and that its generator is given by L = J¢ with D(L) = H 1, Similarly, show
that the heat semigroup on L?(R) given by

1 € —nl?
(501)© = [exp(~E1) s

is strongly continuous and that its generator is given by L = 852 with D(L) = H?. Hint: Use
Exercise 4.2 to show strong continuity.

Remark 4.9 We did not make any assumption on the structure of the Banach space 5. However,
it is a general rule of thumb (although this is not a theorem) that semigroups on non-separable
Banach spaces tend not to be strongly continuous. For example, neither the heat semigroup nor
the translation semigroup from the previous exercise are strongly continuous on L°°(R) or even
on Cp(R), the space of all bounded continuous functions.

Recall now that the resolvent set for an operator L consists of those A € C such that the
operator A\ — L is one to one. For \ in the resolvent set, we denote by Ry = (A — L)™' the
resolvent of L. It turns out that the resolvent of the generator of a Cy-semigroup can easily be
computed:

Proposition 4.10 Let S(t) be a Cy-semigroup such that ||S(t)|| < Me® for some constants M
and a. If ReA > a, then )\ belongs to the resolvent set of L and one has the identity Ryx =
JoC e Sty dt.

oo

Proof. By the assumption on the bound on S, the expression Z) = [ e M8tz dt is well-
defined for every A with ReA > a. In order to show that Zy = R}, we first show that Zyx € D(L)
for every x € B and that (A — L)Z x = x. We have

LZyx = lim h=Y(S(h)Zyx — Zyx) = Jim h1 / e M(S(t + hyx — S(Hz) dt
— — 0

M1 oo h

- lim( / e NSty dt — h / e MS(t)x dt)
h—0 Jo 0

=A\x —x,

which is the required identity. To conclude, it remains to show that A — L is an injection on D(L).
If it was not, we could find = € D(L) \ {0} such that Lz = Az. Setting 2; = e*'x and applying
Corollary 4.7, this yields S(t)z = ez, thus contradicting the bound ||S(t)|| < Me® if ReX > a.

(I
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We can deduce from this that:
Proposition 4.11 The generator L of a Co-semigroup is a closed operator.

Proof. We are going to use the characterisation of closed operators given in Exercise 4.4. Shifting
L by a constant if necessary (which does not affect it being closed or not), we can assume that
a = 0. Take now a sequence x,, € D(L) such that {x,,} and {Lz,,} are both Cauchy in B and set
z = lim,,_, z, and y = lim,,_,c Lx,,. Setting z,, = (1 — L)z,, we have lim,, _, 2, = = — y.
On the other hand, we know that 1 belongs to the resolvent set, so that
r= lim x, = lim R;z, = Ri(x —y) .
n—oo n—oo
By the definition of the resolvent, this implies that z € D(L) and that z — Lz = x — y, so that
Lx = y as required. O

We are now ready to give a full characterisation of the generators of Cy-semigroups. This is
the content of the following theorem:

Theorem 4.12 (Hille-Yosida) A closed densely defined operator L on the Banach space B is the
generator of a Co-semigroup S(t) with ||S(t)|| < Me® if and only if all X with Re\ > a lie in its
resolvent set and the bound | RY|| < M (ReX — a)™ " holds there for every n > 1.

Remark 4.13 Such operators are also called m-dissipative, the reason being that on a Hilbert
space, they are precisely those operators such that (h, Lh) < a| h||* and having no extension with
the same property. There also exists a version of this statement that holds for Banach spaces. This
is the content of the Lumer-Phillips theorem.

Proof. The generator L of a Cy-semigroup is closed by Proposition 4.11. The fact that its resolvent
satisfies the stated bound follows immediately from the fact that

o0 o0
Ryz = / . / e MGt Ltz dty - dty
0 0

by Proposition 4.10.

To show that the converse also holds, we are going to construct the semigroup S(t) by using
the so-called ‘Yosida approximations’ Ly = ALR) for L. Note first that lim)_.,, LRyx = 0 for
every x € B: it obviously holds for z € D(L) since then |LRyx| = ||[RxLx| < ||Rxl/||Lz]| <
M (ReX — a) || Lz||. Furthermore, ||LRyz| = |[ARxz — z|| < MA —a)" L +1 < M + 2 for
A large enough, so that lim)_, ., LRyx = 0 for every « by a standard density argument.

Using this fact, we can show that the Yosida approximation of L does indeed approximate L
in the sense that limy_, o, Lyx = Lx for every x € D(L). Fixing an arbitrary x € D(L), we have

lim ||Lyz — Lz| = lim |[(AR) — 1)Lz|| = lim ||[LRyLz| = 0.
A—00 A—00 A—00

Define now a family of bounded operators Sy(t) by Sy(t) = el = > >0 % This series

converges in the operator norm since L) is bounded and one can easily check that S is indeed a

Co-semigroup (actually a group) with generator Ly. Since Ly = —\ + A2R,, one has for A\ > a
the bound
t" A2 || RY| A2 Aat
— oAt AN | bk ¥ | . _ = ~
IS = e p _Mexp( At + /\_at) Mexp()\_a>, (4.3)

n>0
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so that lim sup, _, . [[Sx(®)|| < Me®. Let us show next that the limit limy_,, S)(t)x exists for
every t > 0 and every € B. Fixing A and p large enough so that max{[|S\(t)||, ||S.(®)||} <
Me?@t and fixing some arbitrary ¢ > 0, we have for s € [0, ¢]

10sSA(t — $)Su(9)x|| = ||Sa(t — 8)(Ly — La)Su(s)x| = ||Sat — $)Su(s)(L, — Ly)z||
< MPe*|[(Ly — L)z -

Integrating this bound between 0 and ¢, we obtain
[S\(tx — S,z < M*te*™| Lo — Lyz|, (4.4)

which converges to 0 for every x € D(L) as A\, 4 — oo since one then has Lyx — Lx. We can
therefore define a family of linear operators S(t) by S(t)x = limy_,o Sx(t)z.

It is clear from (4.3) that ||S(¢)|| < Me* and it follows from the semigroup property of S
that S(s)S(t) = S(s+1t). Furthermore, it follows from (4.4) that the convergence S\(t)x — S(t)x
is uniform in bounded intervals of ¢, so that (x,t) — S(¢)x is jointly continuous, showing that S
is a Cg-semigroup. It remains to show that the generator L of S coincides with L. Taking first the
limit A — oo and then the limit ¢ — 0 in the identity

t
t Y S\(t)x — ) = t_l/ Sx\(s)Lz ds,
0

we see that x € D(L) implies x € D(ﬁ) and Lx = Lz, so that L is an extension of L. However,
for A > a, both A — L and A\ — L are one-to-one between their domain and 3, so that they must
coincide. O

4.2 Semigroups with selfadjoint generators

In this section, we consider the particular case of selfadjoint semigroups on a Hilbert space H. Let
L be a selfadjoint operator on H which is bounded from above. Without loss of generality, we are
going to assume that it is actually negative definite, so that (z, Lz) < 0 for any = € H. In this
case, we can use functional calculus (see for example [RS80], in particular chapter VIII in volume
I) to define selfadjoint operators f(L) for any measurable map f:R — R. This is because the
spectral decomposition theorem can be formulated as:

Theorem 4.14 (Spectral decomposition) Let L be a selfadjoint operator on a separable Hilbert
space H. Then, there exists a measure space (M, ), an isomorphism K:H — L*(M, i), and
a function fr: M — R such that via K, L is equivalent to the multiplication operator by fr, on
L2(M, p). In other words, one has L = K1 fy K and KD(L) = {g : frg € L>(M, )}

In particular, this allows one to define f(L) = K~'(f o f)K, which has all the nice prop-
erties that one would expect from functional calculus, like for example (fg)(L) = f(L)g(L),
| £ = || fllLoe(m s ete. Defining S(t) = el it is an exercise to check that S is indeed a
Co-semigroup with generator L (either use the Hille-Yosida theorem and make sure that the semi-
group constructed there coincides with .S or check ‘by hand’ that S(¢) is indeed Cy with generator
L).

The important property of semigroups generated by selfadjoint operators is that they do not
only leave D(L) invariant, but they have a regularising effect in that they map H into the domain
of any arbitrarily high power of L. More precisely, one has:

Proposition 4.15 Let L be self-adjoint and negative definite and let S(t) be the semigroup on H
generated by L. Then, S(t) maps 'H into the domain of (1 — L) for any o, t > 0 and there exist
constants Cy, such that ||(1 — L)*S@®)|| < Co(1 + 7).
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Proof. By functional calculus, it suffices to show that sup, (1 — MM < Cu(1 +t~%). One
has N

sup A% M = 7 sup (A)%e M =t ¥ sup A\ = ate T .

A>0 A>0 A>0
The claim now follows from the fact that there exists a constant C?, such that (1 — \)* < C? (1 +
(—=N)?) for every A < 0. O

4.3 Analytic semigroups

Obviously, the conclusion of Proposition 4.15 does not hold for arbitrary Cy-semigroups since the
group of translations from Example 4.8 does not have any smoothing properties. It does however
hold for analytic semigroups, which is going to be one of the two main results of this subsection.
The other result is a characterisation of generators for analytic semigroups that is analogous to
the Hille-Yosida theorem for Cy-semigroups. The difference will be that the role of the half-plane
ReA > a will be played by the complement of a sector of the complex plane with an opening angle
strictly smaller than 7.

We are going to take it for granted in this section that the resolvent A — Ry = (A — L) ! is
analytic in £(B) for A in the resolvent set of L. For a proof of this fact and several other properties
of the resolvent, see for example [Yos95].

Recall that a semigroup is analytic if there exists § > 0 such that the map ¢ — S(¢) has an
analytic extension to the sector Sy = {\ € C : |arg \| < 6}, satisfies the semigroup property
there, and is such that ¢ — S, (t) = S(e*#t) is a strongly continuous semigroup for every || < 6.
If 0 is the largest angle such that the above property holds, we call S analytic with angle 6. The
strong continuity of ¢ — S(e’#t) implies that there exist constants M (¢) and a(¢) such that

1Sl < M(p)e™#* .

Using the semigroup property, it is not difficult to show that M and a can be chosen bounded over
compact intervals:

Proposition 4.16 Let S be an analytic semigroup with angle 0. Then, for every 0 < 0, there exist
M and a such that ||S,(t)|| < Mel for every t > 0 and every || < 0.

Proof. Fix ' > 0. Then, for every t > 0 and every ¢ with |¢| < 6, there exist numbers
ty,t_ € [0,t] such that te’? = t, e +t_e. Tt follows that one has the bound [|S,(t)|| <
M(0")M(—8")er@t+a=0 thyg proving the claim. O

We next compute the generators of the semigroups .S, obtained by evaluating .S along a ‘ray’
extending out of the origin into the complex plane:

Proposition 4.17 Let S be an analytic semigroup with angle 6. Then, for |p| < 0, the generator
L, of S, is given by L, = e L, where L is the generator of S.

Proof. Recall Proposition 4.10 showing that for Re large enough the resolvent R for L is given
by

Ryx = / e MS@t) dt .
0

Since the map ¢ — e~ S(t) is analytic in Sy by assumption and since, provided again that Re\ is
large enough, it decays exponentially to O as || — oo, we can deform the contour of integration
to obtain

Ryx = ew/ e S () dt .
0
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Denoting by RY the resolvent for the generator L, of S,, we thus have the identity Ry =
ewaew, which is equivalent to (A — L)~} = (A — e‘i‘pL@)_l, thus showing that L, = e L as

stated. O

We now use this to show that if .S is an analytic semigroup, then the resolvent set of its gener-
ator L not only contains the right half plane, but it contains a larger sector of the complex plane.
Furthermore, this characterises the generators of analytic semigroups, providing a statement simi-
lar to the Hille-Yosida theorem:

Theorem 4.18 A closed densely defined operator L on a Banach space B is the generator of an
analytic semigroup if and only if there exists 0 € (0, 5) and a > 0 such that the spectrum of L is
contained in the sector

Spa={ e C:argla— N e[-5+0,5 0]},

and there exists M > 0 such that the resolvent Ry satisfies the bound || Ry || < Md(\, nga)*l for
every X & Sp.q.

Proof. The fact that generators of analytic semigroups are of the prescribed form is a consequence
of Proposition 4.17 and the Hille-Yosida theorem.

To show the converse statement, let L be such an
operator, let ¢ € (0,0), let b > a, and let 7y, be

the curve in the complex plane obtained by going in ~ ~
a counterclockwise way around the boundary of S, , AN
(see the figure on the right). For ¢ with |argt| < ¢, N
define S(¢) by
1
St =5 | ¢*R.ds 45 5., .
270 Sy, a,
1 ’ Re
= / e*(z— Ly tdz.
2mi Jy o
It follows from the resolvent bound that || R || is uni- e ’
formly bounded for z € ~,p. Furthermore, since - g

|argt| < ¢, it follows that e’* decays exponentially
as |z| — oo along 7y, , so that this expression is well-
defined, does not depend on the choice of b and ¢,
and (by choosing ¢ arbitrarily close to #) determines an analytic function ¢t — S(t) on the sector
{t : |argt| < 6}. As in the proof of the Hille-Yosida theorem, the function (z,t) — S(t)z is
jointly continuous because the convergence of the integral defining S is uniform over bounded
subsets of {t : |argt| < ¢} for any |p| < 0.

It therefore remains to show that S satisfies the semigroup property on the sector {t : |argt| <
0} and that its generator is indeed given by L. Choosing s and ¢ such that |args| < 6 and
|argt| < 6 and using the resolvent identity R, — R,» = (2’ — 2)R. R/, we have
tz+sz’ R, — Ry dz dz’

1 , ]
SES®= -1 [ T R dede =~ . ,
dm Yo, b! 4 Yo.b! =z

Yeo,b Ye,b

1 : 5 1
= ——2/ e”R, /e dz' dz — —2/
4=/ Vour Z T Z 4= J,

@b

etz/

eSZRZ/ dz dz .
r_

»,b! Ye,b z z
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Here, the choice of b and V' is arbitrary, as long as b # b so that the inner integrals are well-
defined, say b’ > b for definiteness. In this case, since the contour 7, can be ‘closed up’ to the

sz’
€

left but not to the right, the integral fv 9 dz' is equal to —2ime®* for every z € 7, 5, whereas
»,

z2'—z
the integral with b and o’ inverted vanishes, so that

S()S(t) = — [ R =56+,
Y.

2 Jy,,

as required. Therefore S is a strongly continuous semigroup; let us call its generator L and R), the
corresponding resolvent.

To show that L = L, it suffices to show that Ry, = Rj, so we make use again of Proposi-
tion 4.10. Choosing ReA > b so that Re(z — ) < 0 for every z € 7,5, we have

N oo 1 [e'e)
R\ = / e MS@H)dt = — / / VR, dz dt
0 27 Jo Yo

1 o0 1 .
= 7/ / ENAR, dz = 7/ L Ry .
270 Jy,, Jo 2710 Sy, 2 — A

The last inequality was obtained by using the fact that || R.|| decays like 1/|z| for large enough z
with | arg z| < T 4 ¢, so that the contour can be ‘closed” to enclose the pole at z = \. O

Remark 4.19 The generators of analytic semigroups are also called m-sectorial by analogy with
the m-dissipative operators generating Cy-semigroups. On a Hilbert space, they can also be charac-
terised as those operators with numerical range contained in a sector Sy , and having no extension
with the same property.

As a consequence of this characterisation theorem, we can study perturbations of generators
of analytic semigroups. The idea is to give a constructive criterion which allows to make sure that
an operator of the type L = Ly + B is the generator of an analytic semigroup, provided that L
is such a generator and B satisfies a type of ‘relative total boundedness’ condition. The precise
statement of this result is:

Theorem 4.20 Let Ly be the generator of an analytic semigroup and let B: D(B) — B be an
operator such that

e The domain D(B) contains D(Ly).
o Forevery e > 0 there exists C > 0 such that || Bx|| < || Loz ||+ C||z|| for every € D(Ly).

Then the operator L = Lo + B (with domain D(L) = D(Ly)) is also the generator of an analytic
semigroup.

Proof. In view of Theorem 4.18 it suffices to show that there exists a sector Sy, containing the
spectrum of L and such that the resolvent bound Ry < Md(\, Sg,a)*1 holds away from it.
Denote by Rg the resolvent for Ly and consider the resolvent equation for L:

\—Lo—Bax =y, z¢eDL.

Since (at least for )\ outside of some sector) x belongs to the range of R, we can set = R?\z SO
that this equation is equivalent to
z—BRYz=y.
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The claim therefore follows if we can show that there exists a sector Sp, and a constant ¢ < 1
such that || BRY|| < ¢ for A\ & Sp .. This is because one then has the bound

RO
1Ryl = RS2 < 1

Using our assumption on B, we have the bound
IBR3=| < ellLoR3z|| + C|IR3=|l - (4.6)

Furthermore, one has the identity LOR())\ = )\Rg — 1 and, since Ly is the generator of an analytic
semigroup by assumption, the resolvent bound || R || < Md(), S, )~ ! for some parameters a, b.
Inserting this into (4.6), we obtain the bound
A+ CO)M
BRY|| < ———— +¢
IBR|l i S

Note now that by choosing § € (0, &), we can find some § > 0 such that d(\, S ) > d|A| for all
A& Spgandalla > 1V (b+ 1). We fix such a § and we make ¢ sufficiently small such that one
has both ¢ < 1/4 and 67! < 1/4.

We can then make a large enough so that d(), S, ) > 4CM for A € Sy 4, so that ||BR§|| <
3/4. for these values of A, as requested. O

Remark 4.21 As one can see from the proof, one actually needs the bound ||Bz|| < ¢||Loz|| +
C'||x|| only for some particular value of ¢ that depends on the characteristics of L.

As a consequence, we have:
Proposition 4.22 Let f € L>™(R). Then, the operator
(Lg)(x) = ¢"(x) + f(x)g'(x),
on L*(R) with domain D(L) = H? is the generator of an analytic semigroup.
Proof. Tt is well-known that the operator (Log)(z) = ¢”(z) with domain D(L) = H? is self-
adjoint and negative definite, so that it is the generator of an analytic semigroup with angle § =

/2.
Setting Bg = fg¢', we have for g € H? the bound

I1B91* = [ @g @) de < |39’ o) = <151 0.") < 159l Zog]]

It now suffices to use the fact that 2|zy| < ex? + ¢~ 'y? to conclude that the assumptions of
Theorem 4.20 are satisfied. O

Similarly, one can show:
Exercise 4.23 Show that the generator of an elliptic diffusion with smooth coefficients on a com-

pact Riemannian manifold M generates an analytic semigroup on L?(M, g), where o is the vol-
ume measure given by the Riemannian structure.
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4.4 Interpolation spaces

The remainder of this section will be devoted to the study of the domains of fractional powers
of the generator L of an analytic semigroup S(t). For simplicity, we will assume that there exist
M > 0and w > 0 such that ||S(t)|| < Me™™, thus making sure that the resolvent set of L
contains all the right half of the complex plane. The general case can be recovered easily by
‘shifting the generator to the left’. For o > 0, we define negative fractional powers of L by

_pyed 1 [Than
(L)<_N®A 1Sty dt 4.7)

which is a bounded operator by the decay assumption on ||.S(¢)||. Since I'(1) = 1, note thatif « = 1
one does indeed recover the resolvent of L evaluated at 0. Furthermore, it is straightforward to
check that one has the identity (—=L)"*(=L)# = (—=L)~* A, which together justify the definition
4.7).

Note that it follows from this identity that (— L)~ is injective for every o > 0. Indeed, given
some o > 0, one can find an integer n > 0 such that (—L)™" = (—L)"""*(—L)~%. A failure
for (—L)~ to be injective would therefore result in a failure for (—L)" and therefore (—L)~!
to be injective. This is ruled out by the fact that 0 belongs to the resolvent set of L. We can
therefore define (— L) as the unbounded operator with domain D((—L)%) = range(—L)~* given
by the inverse of (—L)™“. This definition is again consistent with the usual definition of (—L)*
for integer values of a. This allows us to set:

Definition 4.24 For o > 0 and given an analytic semigroup S on a Banach space B, we define
the interpolation space B, as the domain of (—L)“ endowed with the graph norm. We also define
B_,, as the closure of B under the norm ||z||—o = ||(=L)"“x||.

Remark 4.25 If the norm of S(t) grows instead of decaying with ¢, then we use A — L instead of
—L for some A sufficiently large. The choice of different values of A leads to equivalent norms on
Bq.

Exercise 4.26 Show that B, C Bgif o > 3.

Exercise 4.27 Show that for o € (0,1) and x € D(L), one has the identity

sin o

(—L)z = /wﬂ*@—m*emnﬁ.
™ 0

Combine this with the identity (t — L)"'(—L) = 1—t(t— L)' to deduce that, for every a € (0,1),
there exists a constant C' such that the bound |(—L)%z| < C||Lxz||®||z||*~® holds for every
x € D(L).

Exercise 4.28 Let L and B be as in Exercise 4.35 and denote by Sp the analytic semigroup with
generator L + B. Use the relation Ry — R} = R(}\BRA to show that one has the identity

¢
Spt)r = St)x —i—/o S(t — s)BSg(s)rds .

Hint: Start from the right hand side of the equation and use an argument similar to that of the
proof of Theorem 4.18.

Exercise 4.29 Show that (—L)* commutes with S(¢) for every ¢ > 0 and every o € R. Deduce
that S(t) leaves B, invariant for every o > 0.
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Exercise 4.30 It follows from Theorem 4.18 that the adjoint L* of the generator of an analytic
semigroup on 3 is the generator of an analytic semigroup on the dual space B*. Denote by B, the
corresponding interpolation spaces. Show that one has the identity B, = B}, for every a € R.

We now show that an analytic semigroup S(¢) always maps 3 into B, for ¢ > 0, so that it has a
‘smoothing effect’. Furthermore, the norm in the domains of integer powers of L can be bounded

by:

Proposition 4.31 For every t > 0 and every integer k > 0, S(t) maps B into D(L*) and there
exists a constant C}, such that

C
ILFS@t)z|| < t—:

foreveryt € (0,1].

Proof. In order to show that S maps B into the domain of every power of L, we use (4.5), together
with the identity LR, = AR, — 1 which is an immediate consequence of the definition of the
resolvent 2y of L. Since f% . e'?dz = 0 for every t such that | arg t| < ¢ and since the domain

of LF is complete under the graph norm, this shows that S(t)z € D(LF) and

1
LFS@t) = —/ kR, dz .
2mi Jy

b

It follows that there exist positive constants c; such that

1
k —
IEsal < o= |

Y, b

o0
|z|k|etZ\HRz|| dlz] < /0 1+ x)ke_@t(x_c?’)(l + ) Ydz .

Integrating by parts £ — 1 times, we obtain

& cy © _ c5ecst
HL S(t)” < ey A e—C2t@—ca) go. _ l

which implies the announced bound. O

It turns out that a similar bound also holds for interpolation spaces with non-integer indices:

Proposition 4.32 For every t > 0 and every o« > 0, S(t) maps B into B, and there exists a
constant C,, such that

Ca
[(=D)*Stz| < o (4.8)

foreveryt € (0,1].

Proof. The fact that S(t) maps B into B, follows from Proposition 4.31 since there exists n such
that D(L") C B,. We assume again that the norm of S(t) decays exponentially for large ¢. The
claim for integer values of « is known to hold by Proposition 4.31, so we fix some « > 0 which is
not an integer. Note first that (—L)® = (— L)~ l*I=1(— [)[1+1 \ere we denote by [a] the integer
part of a. We thus obtain from (4.7) the identity

(—1led+l

> [a]faL[a]Jrl t ds .
Tal—a+DJo ° S+ 8)ds

(~L)S(t) =
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Using the previous bound for £ = [«], we thus get for some C' > 0 the bound

00 (] e—w(t—i—s) 00 S[a]—a
—L)*S(t <C/ sa_a7d3<0t_a/ —ds,
IED*S@l <6 j G+ort =) Teem
where we used the substitution s — t¢s. Since the last function is integrable for every o > 0, the
claim follows at once. 0

Exercise 4.33 Using the fact that S(¢) commutes with any power of its generator, show that S(t)
maps B, into Bg for every o, 3 € R and that, for 8 > «, there exists a constant C,, g such that
1S3, < Capllz|p,t P forall t € (0,1].

Exercise 4.34 Using the bound from the previous exercise and the definition of the resolvent,
show that for every o € R and every 3 € [«, o + 1) there exists a constant C' such that the bound
It — L)'z, < C(1 + )7~ !|z||, holds for all ¢ > 0.

Exercise 4.35 Let L be the generator of an analytic semigroup on 5 and denote by B, the corre-
sponding interpolation spaces. Let B be a (possibly unbounded) operator on 5. Using the results
from the previous exercise, show that if there exists o € [0, 1) such that B, C D(B) so that B is
a bounded operator from B, to B, then one has the bound

1Ba|| < ClellLa]| +e=*/4 = a]) ,

for some constant C' > 0 and for all € < 1. In particular, L + B is also the generator of an analytic
semigroup on B.

Exercise 4.36 Consider an analytic semigroup S(¢) on B and denote by B, the corresponding
interpolation spaces. Fix some v € R and denote by S(t) the semlgroup S viewed as a semigroup
on B,. Denoting by B, the interpolation spaces corresponding to S(t), show that one has the
1dent1ty Bo = +a forevery o € R.

Another question that can be answered in a satisfactory way with the help of interpolation
spaces is the speed of convergence of S(t)x to x as ¢ — 0. We know that if x € D(L), then
t — S(t)x is differentiable at ¢t = 0, so that ||S(t)x — x| = t||Lz|| + o(t). Furthermore, one can in
general find elements = € B so that the convergence S(t)x — x is arbitrarily slow. This suggests
that if x € D((—L)%) for o € (0, 1), one has ||S(t)z — x|| = O(t%). This is indeed the case:

Proposition 4.37 Let S be an analytic semigroup with generator L on a Banach space B. Then,
for every a € (0, 1), there exists a constant C,, so that the bound

ISz — x|| < Cot®||z||B, 4.9)
holds for every x € B, and everyt € (0, 1].

Proof. By density, it is sufficient to show that (4.9) holds for every x € D(L). For such an z, one
has indeed the chain of inequalities

IStz — z|| = H/Ot S(s)La dxH = H/Ot(—LﬂaS(s)(—L)% dxH

t t
< Cllls, [ I-L'S@)do < Clalls, [ s ds = Cllals,t*

Here, the constant C' depends only on « and changes from one expression to the next. O
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We conclude this section with a discussion on the interpolation spaces arising from a perturbed
analytic semigroup. As a consequence of Exercises 4.27 and 4.34, we have the following result:

Proposition 4.38 Let Lg be the generator of an analytic semigroup on B and denote by Bg the
corresponding interpolation spaces. Let B be a bounded operator from BY to B for some o €
[0,1). Let furthermore B, be the interpolation spaces associated to L = Lo + B. Then, one has
B, = Bgfor every v € [0,1].

Proof. The statement is clear for v = 0 and v = 1. For intermediate values of v, we will show
that there exists a constant C' such that C~*||(—Lo)z| < [[(—L)z| < C||(—Lo)?z|| for every
x € D(Lyg).
Since the domain of L is equal to the domain of ¢, we know that the operator B R; is bounded
for every t > 0, where ?; is the resolvent of L. Making use of the identity
R; = R + RYBR,, (4.10)

(where we similarly denoted by R the resolvent of Lo) it then follows from Exercise 4.34 and the
assumption on B that one has for every x € Bg the bound

IBRyzx|| < [|BRYx| + | BR BRew|| < C(||R}xl s + || RY BRex| )
< CA+ 0™ oy + O+ 0% o]l sy | BRial
It follows that, for ¢ sufficiently large, one has the bound
IBRex| < O+ 677 z|gg - (4.11)
Since on the other hand one has the resolvent identity Ry = R; + (t — s)Rs Ry, this bound can be
extended to all £ > 0 by possibly changing the constant C'.

We now show that ||(—L)”z|| can be bounded by ||(—Lo)”z||. We make use of Exercise 4.27
to get, for x € D(Ly), the bound

> 1
lells, = || [0 LRw |
o o
<c|[" e noRbzde|+ ¢ [T 0B + DB Rl di
0 . 0
< lallsg +C [~ 07| BRl di
OOO
< ll2llsg +C/ O A+ dt e -
0
Here, we used again the identity (4.10) to obtain the first inequality and we used (4.11) in the last

step. Since this integral converges, we have obtained the required bound.
In order to obtain the converse bound, we have similarly to before

o0
/sy < llzll5, +C/0 t7 Y| BRx| dt .
Making use of the resolvent identity, this yields for arbitrary X > 0 the bound

(0.0 o
lllso < llzlls, +c/0 t7_1||BRt+K:L‘Hdt—|—CK/O 7= BRy Ruz| dt
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oo (o]

< |5, +C/ 17+ KT dt | s +CK/ O A+ 67 dta
0 0

< |lzlls, + CK* ] g + CK|lz| -

By making K sufficiently large, the prefactor of the second term can be made smaller than 1, so
that the required bound follows. O

Exercise 4.39 Assume that B = H is a Hilbert space and that the antisymmetric part of L is
‘small’ in the sense that D(L*) = D(L) and, for every £ > 0 there exists a constant C' such that
(L — L*)z|| < ¢||Lz|| 4+ C||x| for every x € D(L). Show that in this case the space H_, can be
identified with the dual of H,, (under the pairing given by the scalar product of H) for a € [0, 1].

It is interesting to note that the range [0, 1] appearing in the statement of Proposition 4.38 is not
just a restriction of the technique of proof employed here. There are examples of perturbations of
generators of analytic semigroups which induce changes in the corresponding interpolation spaces
B, for a & [0, 1].

Consider for example the case B = L?([0,1]) and Ly = A, the Laplacian with periodic
boundary conditions. Let now § € (0,1) be arbitrary and let g € B be such that g & BY. Such
an element g exists since A is an unbounded operator. Define B as the operator with domain
C([0,1]) C B given by

(Bf)@) = f'(1/2)g(x) . 4.12)

It turns out that BY C C([0,1]) for a > 3/4 (see Lemma 6.14), so that the assumptions of
Proposition 4.38 are indeed satisfied. Consider now the interpolation spaces of index 1 + 4. Since
we know that Bs = BY, we have the characterisations

Biis={f € D) : Af + f'(1/2)g € BY},
B) s ={feD®): Af e Bj}.

Since on the other hand g ¢ BY by assumption, it follows that By 5 N BY 4 consists of functions
with vanishing derivative at 1/2, so that in particular By 45 # BY 15

Exercise 4.40 Show that in the example above, one has B_;,, # 891 Ja- Hint: Consider the

adjoint of L as the generator of an analytic semigroup on H 2 = (B?)* and make use of Exer-
cise 4.30, using the fact that 6’ ¢ 8(13/4.
Exercise 4.41 Show, again in the same setting as above, that if g € Bg for some & > 0, then one
has B, = Bg for every o € [0,1 + 9).

Remark 4.42 The operator B defined in (4.12) is not a closed operator on B. In fact, it is not even
closable! This is however of no consequence for Proposition 4.38 since the operator L = Lg + B
is closed and this is all that matters.

5 Linear SPDEs / Stochastic Convolutions

We now apply the knowledge gathered in the previous sections to discuss the solution to linear
stochastic PDEs. Most of the material from this section can be found in the monographs [DPZ92b,
DPZ96]. The aim of this section is to define what we mean by the solution to a linear stochastic
PDE of the form

der = Lxdt+ QdW (), z0)==xq, 5.1
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where we want x to take values in a separable Banach space B, L is the generator of a Cy semigroup
on B, W is a cylindrical Wiener process on some Hilbert space X, and Q): X — B is a bounded
linear operator.

We do not in general expect x to take values in D(L) and we do not even in general expect
QW (1) to be a B-valued Wiener process, so that the usual way of defining solutions to (5.1) by
simply integrating both sides of the equality does not work. However, if we apply some ¢ &
D(L*) to both sides of (5.1), then the usual definition makes sense. This motivates the following
definition:

Definition 5.1 A B-valued process x(t) is said to be a weak solution to (5.1) if, for every t > 0,
fg ||x(s)|| ds < oo almost surely and the identity

t t
(o) = (o) + [ (L ta)ds+ [ (@ Law ). (5.2)
0 0
holds almost surely for every ¢ € D(L*).

Remark 5.2 The stochastic integral in (5.2) can be interpreted in the sense of Section 3.4 since
the map Q*¢: K — R is Hilbert-Schmidt for every ¢ € B*.

Remark 5.3 The term ‘weak’ refers to the PDE notion of a weak solution and not to the proba-
bilistic notion of a weak solution to a stochastic differential equation.

Remark 5.4 Although separability of B was not required in the previous section on semigroup
theory, it is again needed in this section, since many of the results from the section on Gaussian
measure theory would not hold otherwise.

On the other hand, suppose that f: R, — D(L) is a continuous function and consider the
function z: Ry — D(L) given by x(t) = S({t)zo+ fg S(t—s)f(s)ds, where S is the Cy-semigroup
generated by L. If xg € D(L) as well, then this function is differentiable and it is easy to check,
using Proposition 4.6, that it satisfies the differential equation 0,z = Lz + f. Formally replacing
f(s)ds by @ dW, this suggests the following alternative definition of a solution to (5.1):

Definition 5.5 A B-valued process x(t) is said to be a mild solution to (5.1) if the identity

t
x(t) = S(t)xo + /0 St — s)Q dW(s), (5.3)

holds almost surely for every ¢ > 0. The right hand side of (5.3) is also sometimes called a
stochastic convolution.

Remark 5.6 By the results from Section 3.4, the right hand side of (5.3) makes sense in any
Hilbert space H containing BB and such that f(f treS(t—s)QQ*S(t—s)*1* ds < oo, where 1: B — H
is the inclusion map. The statement should then be interpreted as saying that the right hand side
belongs to B C H almost surely. In the case where B is itself a Hilbert space, (5.3) makes sense if
and only if fot tr St — s)QQ*S(E — s)* ds < oo.

It turns out that these two notions of solutions are actually equivalent. In order to prepare the
proof of this result, we first show that:

Lemma 5.7 If S(t) is a Co-semigroup on B, then S*(t) is a Co-semigroup on the closure of D(L*)
in B* and its generator is given by L*.
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Proof. Since the resolvent of the adjoint is the adjoint of the resolvent, it is immediate that L*
satisfies the conditions of the Hille-Yosida theorem on the closure of D(L*) in B*. It is therefore
the generator of a strongly continuous semigroup 7'(t). The fact that T'(t) = S(t)* follows from
the corresponding relation between the semigroups generated by the Yosida approximations of L
and L*. O

Proposition 5.8 If the mild solution is almost surely integrable, then it is also a weak solution.
Conversely, every weak solution is a mild solution.

Proof. Note first that, by considering the process z(t) — S(t)xo and using Proposition 4.6, we can
assume without loss of generality that g = 0.

We now assume that the process x(t) defined by (5.3) takes values in 3 almost surely and we
show that this implies that it satisfies (5.2). Fixing an arbitrary ¢ € D(L*), applying L*¢ to both
sides of (5.3), and integrating the result between 0 and ¢, we obtain:

Alﬁaﬂ@ww:[:AWUAS@—dewm»dy:A%ﬁ?ﬁ@—rde&vaw».

Using Proposition 4.6 and the fact that, by Lemma 5.7, S* is a strongly continuous semigroup on
B*, the closure of D(L*) in B*, we obtain

t t t
/ (L™, x(s)) ds = / (Q*S*(t —r)t, dW(r)) — / (Q L, dW (r))
0 0 0

= <€7 /Ot St —rQ dW(r)> — /Ot<Q*€, dW (r))

t
:%ﬂM—A@%MﬂM,
thus showing that z is indeed a weak solution to (5.1).
To show the converse, let now z(t) be any weak solution to (5.1) (again with zg = 0). Fix an
arbitrary ¢ € D(L*), some final time ¢t > 0, and consider the function f(s) = S*(t — s){. Since
def

{ e D(L*z, it follows from Proposition 4.6 that this function belongs to £ = C([0, t], D(L*)) N
CY([0,t], B*). We are going to show that one has for such functions the almost sure identity

t . t
FO,20) = [+ L7706 + [ {76, QdW) (5.4)
0 0
Since in our case f (s) + L* f(s) = 0, this implies that the identity

t
(0, 2(t)) = /0 (4, S(t — )QdW(s)) |

holds almost surely for all £ € D(L*). Since, by the closed graph theorem, D(L*) is large enough
to separate points in B! and since B is separable (so that countably many elements of D(L*) are
sufficient), this implies that z is indeed a mild solution.

It remains to show that (5.4) holds for all f € £. Since linear combinations of functions of
the type o,(s) = £y(s) for ¢ € CY([0,t],R) and ¢ € D(L*) are dense in £ (see Exercise 5.10

! Assume that, for some =,y € B, we have (¢, z) = (£,) for every £ € D(L*). We can also assume without loss
of generality that the range of L is 3, so that x = Lz’ and y = Ly, thus yielding (L*¢,z') = (L*¢,y’). Since L is
injective and has dense domain, the closed graph theorem states that the range of L* is all of B*, so that ' = 3’ and
thus also z = y.
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below) and since x is almost surely integrable, it suffices to show that (5.4) holds for f = .
Since (¢, QW (s)) is a standard one-dimensional Brownian motion, we can apply Itd’s formula to
©(s){¢, z(s)), yielding

t t t
(L at) = [ UL ) + [ s)bats) + [ o)L QW)
0 0 0
which coincides with (5.4) as required. 0O

Remark 5.9 Itis actually possible to show that if the right hand side of (5.3) makes sense for some
t, then it makes sense for all ¢ and the resulting process belongs almost surely to LP([0, T'], B) for
every p. Therefore, the concepts of mild and weak solution actually always coincide. This follows
from the fact that the covariance of x(t) increases with ¢, see for example [DJT95].

Exercise 5.10 Let f € C([0, 1], D(L*)) N C'([0, 1], B*) and, for n > 0, define f, on the interval
s € [k/n, (k + 1)/n] by cubic spline interpolation:

fn(s) = f(k/n)(k + 1 —ns)?(1 + 2ns — 2k) + f((k + 1)/n)(ns — k)*(3 — 2ns + 2k)
+ (ns — k)(k + 1 — ns)*n(f((k + %)/n) — f((k - %)/n))
+ (ns — k)*(ns — k — Dn(f((k + 3)/n) — f((k + 3)/n)) .

Show that f,, is a finite linear combinations of fuPctions of the form ¢p(s) with ¢ € C 110,11, R)
and that f,, — f in C([0, 11, D(L*)) N C*([0, 1], B*).

5.1 Time and space regularity

In this subsection, we are going to study the space and time regularity of solutions to linear stochas-
tic PDEs. For example, we are going to see how one can easily derive the fact that the solutions to
the stochastic heat equation are ‘almost’ 7-Holder continuous in time and ‘almost’ 5-Holder con-
tinuous in space. Since we are often going to use the Hilbert-Schmidt norm of a linear operator,
we introduce the notation

|AllZs = tr AA* .
For most of this section, we are going to make use of the theory of analytic semigroups. How-

ever, we start with a very weak regularity result for the solutions to stochastic PDEs whose linear
operator L generates an arbitrary Cy-semigroup:

Theorem 5.11 Let H and IC be separable Hilbert spaces, let L be the generator of a Cy-semigroup
on 'H, let Q: K — H be a bounded operator and let W be a cylindrical Wiener process on K.
Assume furthermore that ||S(t)Q||lus < oo for every t > 0 and that there exists a € (0, %) such
that f01 t722||S(t)Q||3s dt < oo. Then the solution x to (5.1) has almost surely continuous sample
paths in 'H.

Proof. Note first that || S(t + s)Q|lus < ||.S(s)||||S(®)Q||us, so that the assumptions of the theorem
imply that fOT t722||St)Q||3s dt < oo for every T > 0. Let us fix an arbitrary terminal time 7
from now on. Defining the process y by

t
s = [t =508~ HQdW ().
0
we obtain the existence of a constant C' such that

2 t 2 2 ¢ 2 2
By = [ @ =750~ 9Qlfisds = [ s *S@Qlfsds < C.
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uniformly for ¢ € [0,7T7]. It therefore follows from Fernique’s theorem that for every p > 0 there
exist a constant C), such that

T
E/ ly®IP dt < C, . (5.5)
0

Note now that there exists a constant ¢,, (actually ¢, = (sin 2w«)/m) such that the identity

t 1
/ t—m*Yr—s)"%dr=—,

Ca

holds for every ¢t > s. It follows that one has the identity
t ot
x(t) = Sz + ca/ / (t — )Y — 8)7¥S(t — s)dr Q dW(s)
Ot Sr
= S(t)zo + ca / / (t — ) L — 8)"S(t — $)Q dW (s) dr
0 Jo
t r
= St)zo + Ca / S(t—7) / (r — 8)"“S(r — 8)QdW(s) (t — r)* Ldr
0 0
t
= St)xo + ca/ St —ryy(r)(t —r)>tdr. (5.6)
0

The claim thus follows from (5.5) if we can show that for every o € (0, %) there exists p > 0 such
that the map

t
y F,, F,t)= /0 (t — > LSt — r)y(r) dr

maps LP([0,T], H) into C([0, T'], H). Since the semigroup ¢ — S(t) is uniformly bounded (in the
usual operator norm) on any bounded time interval and since ¢ +— (¢t — r)*~! belongs to L9 for
q € [1,1/(1—a)), we deduce from Holder’s inequality that there exists a constant C such that one
does indeed have the bound sup,¢ (o 1 [|[Fy®)[|P < Cr fOT ly(®)||P dt, provided that p > L. Since
continuous functions are dense in LP, the proof is complete if we can show that F, is continuous
for every continuous function y with y(0) = 0.

Fixing such a y, we first show that F), is right-continuous and then that it is left continuous.
Fixing ¢t > 0, we have for h > 0 the bound

t
| Fy(t 4+ h) — Fy ()] < /0 |((t +h— r*LS(h) — (t — T)afl)s(t —r)y(r)| dr
t+h
+/ (t+h—r)o‘*lHS(t+h—r)y(T)Hdr
t

The second term is bounded by O(h?) for some § > 0 by Holder’s inequality. It follows from
the strong continuity of S that the integrand of the first term converges to 0 pointwise as h — 0.
Since on the other hand the integrand is bounded by C(t — r)*~!||y(r)|| for some constant C,
this term also converges to 0 by the dominated convergence theorem. This shows that F); is right
continuous.

To show that F, is also left continuous, we write

t—h
[Ey(#) — Fy(t = b < /O (@ =) 1S(h) = (t = h = r)*~1)S(Et — b — r)y(r)| dr

t
4 / (t — YISt — Py dr
t—h
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We bound the second term by Holder’s inequality as before. The second term can be rewritten as

t
AHw+h—mw%ﬂm—@—mwwarwwv—hmm,

with the understanding that y(r) = 0 for » < 0. Since we assumed that y is continuous, we can
again use the dominated convergence theorem to show that this term tends to 0 as h — 0. O

Remark 5.12 The trick employed in (5.6) is sometimes called the “factorisation method” and
was introduced in the context of stochastic convolutions by Da Prato, Kwapien,, and Zabczyk
[DPKZ87, DPZ92a].

This theorem is quite sharp in the sense that, without any further assumption on @ and L, it
is not possible in general to deduce that ¢ — x(t) has more regularity than just continuity, even if
we start with a very regular initial condition, say o = 0. We illustrate this fact with the following
exercise:

Exercise 5.13 Consider the case H = L?(R), K = R, L = 9, and Q = ¢ for some g € L*(R)
such that g > 0 and g(z) = |z|~" for some 3 € (0, 1) and all |z| < 1. This satisfies the conditions
of Theorem 5.11 for any v < 1.

Since L generates the translation group, the solution to

du(z,t) = dpu(z, t)dt + g(x) dW (@), u(x,0)=0,

is given by
t
ue,t) = [ g+t =9 dW(s).
0

Convince yourself that for fixed ¢, the map x — wu(x,t) is in general ~y-Holder continuous for
v < % — (3, but no better. Deduce from this that the map ¢ — wu(-, t) is in general also ~-Holder
continuous for v < % — (3 (if we consider it either as an H-valued map or as a Cy(R)-valued map),
but cannot be expected to have more regularity than that. Since  can be chosen arbitrarily close
to %, it follows that the exponent « appearing in Theorem 5.11 is in general independent of the
Holder regularity of the solution.

One of the main insights of regularity theory for parabolic PDEs (both deterministic and
stochastic) is that space regularity is intimately linked to time regularity in several ways. Very
often, the knowledge that a solution has a certain spatial regularity for fixed time implies that it
also has a certain temporal regularity at a given spatial location.

From a slightly different point of view, if we consider time-regularity of the solution to a PDE
viewed as an evolution equation in some infinite-dimensional space of functions, then the amount
of regularity that one obtains depends on the functional space under consideration. As a general
rule, the smaller the space (and therefore the more spatial regularity it imposes) the lower the
regularity of the solution, viewed as a function with values in that space.

We start by considering the case of linear SPDEs with a self-adjoint linear part that take val-
ues in a Hilbert space H and we obtain conditions for the solutions to take values in one of the
interpolation spaces:

Theorem 5.14 Consider (5.1) on a Hilbert space H, assume that L generates an analytic semi-
group, and denote by H,, the corresponding interpolation spaces. If there exists o > 0 such that
Q: K — Hey is bounded and (3 € (0, % + o] such that ||(—L)™"||us < oo then the solution x takes
values in H for every v < vo = % +a—0.



LINEAR SPDES / STOCHASTIC CONVOLUTIONS 41

Proof. As usual, we can assume without loss of generality that 0 belongs to the resolvent set of L.
It suffices to show that

T
I(T) “Z‘/O (=LY St)Q|isdt <00, VT >0.

Since () is assumed to be bounded from /C to H,,, there exists a constant C' such that
T T
1) <C [ IDrsoeED s =C [T Ssolsd

Since (—L)~# is Hilbert-Schmidt, we have the bound
I=L~*S@ s < I(=L) s (=L =S| < C(Lv 7).

For this expression to be square integrable neart = 0, weneed o —y—0 > — %, which is precisely
the stated condition. 0

Exercise 5.15 Show that if we are in the setting of Theorem 5.14 and L is selfadjoint, then the
solutions to (5.1) actually belong to H., for v = 7.

Exercise 5.16 Show that the solution to the stochastic heat equation on [0, 1] with periodic bound-
ary conditions has solutions in the fractional Sobolev space H* for every s < 1/2. Recall that H*
is the Hilbert space with scalar product (f, g)s = > fkgk(l + k?)%, where fk denotes the kth
Fourier coefficient of f.

Exercise 5.17 Consider the following modified stochastic heat equation on [0, 1]% with periodic

boundary conditions:
de =Axdt+ 1 —-A)""7dW ,

where W is a cylindrical Wiener process on L?([0, 11%). For any given s > 0, how large does ~
need to be for z to take values in H*® ?

Using this knowledge about the spatial regularity of solutions, we can now turn to the time-
regularity. We have:

Theorem 5.18 Consider the same setting as in Theorem 5.14 and fix v < ~g. Then, at all times
t > 0, the process x is almost surely 0-Holder continuous in H., for every 6 < % A (Yo — )

Proof. 1t follows from Kolmogorov’s continuity criteria that it suffices to check that the bound
E|z(t) — a(s)|? < Ct — 5|20

holds uniformly in s,t € [tg,T] for every to,T" > 0 and for every ¥ < 7. Here and below, C' is
an unspecified constant that changes from expression to expression. Assume that ¢ > s from now
on. It follows from the semigroup property and the independence of the increments of W that

z(t) = St — s)x(s) + /t St —r)QdW(r). 5.7)

Furthermore, x(s) is independent of the increments of W over the interval [s, ¢], so that Proposi-
tion 4.37 allows us to get the bound

t—s
El|lz(t) — 2(s)|3 = E[|S(t — )a(s) — x(s)|5 + /0 (=LY S(Q|[s dr

- t—s
< Ot — 5P DN2E||a(s)]|2 + c/ (1752 gr
0

Here, we obtained the bound on the second term in exactly the same way as in the proof of
Theorem 5.14. The claim now follows from the fact that o — v — 3 = (79 — 7) — % O
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5.2 Long-time behaviour

This section is devoted to the behaviour of the solutions to (5.1) for large times. Let’s again start
with an example that illustrates some of the possible behaviours.

Example 5.19 Let 2 — V(z) be some smooth ‘potential’ and let H = L*(R, exp(—V (z)) dz).
Let S denote the translation semigroup (to the right) on H and denote its generator by —0,.. Let us
first discuss which conditions on V' ensure that S is a strongly continuous semigroup on . It is
clear that it is a semigroup and that S(t)u — u for v any smooth function with compact support.
It therefore only remains to show that ||.S(¢)|| is uniformly bounded for ¢ € [0, 1] say. We have

HS(t)uH2 = /uz(x — e V@ dy = /uz(a:)e_v(x)ev(x)_v(”t) dx . (5.8)

This shows that a necessary and sufficient condition for .S to be a strongly continuous semigroup
on H is that, for every ¢t > 0, there exists C} such that sup,g(V(z) — V(z + t)) < C} and
such that C} remains bounded as ¢ — 0. Examples of potentials leading to a Cy-semigroup are x,
V14 22, log(1 + z?), etc or any increasing function. Note however that the potential V (z) = x2
does not lead to a strongly continuous semigroup. One different way of interpreting this is to
consider the unitary transformation K: v +— exp(%V)u from the ‘flat’ space L? into . Under this
transformation, the generator —0J,, is turned into

—(K10,Ku)(z) = —0u(z) — 2V (2)u(z) .

Considering the characterisation of generators of Cy-semigroups given by the Hille-Yosida theo-
rem, one would expect this to be the generator of a strongly continuous semigroup if V"’ is bounded
from below, which is indeed a sufficient condition.

Let now V' be such that S is a Cy-semigroup and consider the SPDE on H given by

du(z,t) = —Oyulx,t)dt + f(x)dW(t), 5.9

where W is a one-dimensional Wiener process and f is some function in H. The solution to (5.9)
with initial condition ug = 0 is given as before by

u(z,t) = /Ot flx+s—1)dW(s). (5.10)

If we fix the time ¢, we can make the change of variable s — ¢ — s, so that u(z,?) is equal in
distribution to [j f(z — s)dW (s).

We see that if f happens to be also square integrable (we will assume that this is the case in the
sequel and we will also assume that f is not identically zero), then (5.10) has a limit in distribution
as t — oo given by

u(x) = /OOO flx —s)dW(s) . (5.11)

It is however not clear a priori that & does belong to H. On one hand, we have the bound
oo
E/ wz)?e V@ dy = / / fPx—tdte V@ dr < / 2@ dt / e V@ dg |
R R0 R R

thus showing that @ definitely belongs to 7 if e~V has finite mass. On the other hand, there are
examples where % € H even though e~ has infinite mass. For example, if f(z) = 0 for z < 0,
then it is necessary and sufficient to have [;* e~V @ dg < co. Denote by v the law of @ for further
reference.
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Furthermore, if e~ is integrable, there are many measures on  that are invariant under the
action of the semigroup S. For example, given a function h € H which is periodic with period
7 (that is S(7)h = h), we can check that the push-forward of the Lebesgue measure on [0, 7]
under the map ¢ — S(¢)h is invariant under the action of .S. This is simply a consequence of the
invariance of Lebesgue measure under the shift map. Given any invariant probability measure py,
of this type, let v be an H-valued random variable with law p, that is independent of W. We can
then consider the solution to (5.9) with initial condition v. Since the law of S(t)v is equal to the
law of v by construction, it follows that the law of the solution converges to the distribution of the
random variable u + v, with the understanding that 4 and v are independent.

This shows that in the case [ e V@ dr < o0, it is possible to construct solutions u to (5.9)
such that the law of u(- , t) converges to up * v for any periodic function h.

Exercise 5.20 Construct an example of a potential V' such that the semigroup S is not strongly
continuous by choosing it such that lim;_,o ||S(¢)|| = +o0, even though each of the operators S(t)
for t > 0 is bounded! Hint: Choose V of the form V(z) = 2 — Y nso W (), where W is
an isolated ‘spike’ and c,, are suitably chosen constants.

This example shows that in general, the long-time behaviour of solutions to (5.1) may depend
on the choice of initial condition. It also shows that depending on the behaviour of H, L and @),
the law of the solutions may or may not converge to a limiting distribution in the space in which
solutions are considered.

In order to formalise the concept of ‘long-time behaviour of solutions’ for (5.1), it is convenient
to introduce the Markov semigroup associated to (5.1). Given a linear SPDE with solutions in B,
we can define a family P, of bounded linear operators on %;(13), the space of Borel measurable
bounded functions from B to R by

t
(Pep)(z) = E@(S(t)z: T /0 S(t — $)Q dW(s)) . (5.12)

It follows from (5.7) and the independence of increments of W that P, satisfies the semigroup
property Pi.s = Py o P for any two times s,t > 0.

Exercise 5.21 Show that P; maps the space Cp(3) of continuous bounded functions from 5 to R
into itself. (Recall that we assumed B to be separable.)

If we denote by Py(x, - ) the law of S(t)x + fg S(t — s)Q dW (s), then Py can alternatively be
represented as

(ﬂ@mﬁ{éﬂwﬂm@w.

It follows that its dual P;" acts on measures with finite total variation by

<Wmm=4%mmmmy

Since it preserves the mass of positive measures, P} is a continuous map from the space #; () of
Borel probability measures on 5 (endowed with the total variation topology) into itself. It follows
from (5.12) and the definition of the dual that Py is nothing but the law at time ¢ of the solution
to (5.1) with its initial condition g distributed according to i, independently of the increments of
W over [0, t]. With these notations in place, we define:

Definition 5.22 A Borel probability measure 1 on B is an invariant measure for (5.1) if Pfu = p
for every t > 0, where P; is the Markov semigroup associated to solutions of (5.1) via (5.12).
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In the case B = H where we consider (5.1) on a Hilbert space H, the situations in which such
an invariant measure exists are characterised in the following theorem:

Theorem 5.23 Consider (5.1) with solutions in a Hilbert space H and define the operator Qy: H —
'H by

t
Qi = /O SMHQQ*S*(t) dt .

Then there exists an invariant measure L for (5.1) if and only if one of the following two equivalent
conditions are satisfied:

1. There exists a positive definite trace class operator Qoo: H — H such that 2Re{Q~ L*x, )+
|Q*x||> = 0 for every x € D(L¥).
2. One has sup;( tr Qy < oo.

Furthermore, any invariant measure is of the form v * i, Where v is a measure on 'H that is
invariant under the action of the semigroup S and |~ is the centred Gaussian measure with
covariance ().

Proof. The proof goes as follows. We first show that 4 being invariant implies that 2. holds. Then
we show that 2. implies 1., and we conclude the first part by showing that 1. implies the existence
of an invariant measure.

Let us start by showing that if u is an invariant measure for (5.1), then 2. is satisfied. By
choosing p(z) = e!h®) for arbitrary h € ‘H, it follows from (5.12) that the Fourier transform of
P; 1 satisfies the equation

Pola) = [u(S*(Ha)e2(mQ) (5.13)

Taking logarithms and using the fact that |f(x)| < 1 for every x € H and every probability
measure p, It follows that if 4 is invariant, then

(x,Qur) < —2log|x)|, YreH, Vt>0. (5.14)

Choose now a sufficiently large value of R > 0 so that u(||z|| > R) < 1/8 (say) and define a
symmetric positive definite operator Ag: H — H by

(hoAgh) = [ @) p(do)
lz]|<R

Since, for any orthonormal basis, one has ||z]|? = 3, |(z, e,)|?, it follows that Ap, is trace class

and that tr Ap < R?. Furthermore, one has the bound

. 1
— [ < _ 7*<h7$) < — .
1= | < [ 1= o) <\ (0 Arh) + 5

Combining this with (5.14), it follows that (z, Q;z) < 2log4 forevery 2 € H such that (x, Agrz) <
1/4 so that, by homogeneity,

<$7th> < (810g4)<$>AR$> :

It follows that tr @Q; < (8log 4)R?, so that 2. is satisfied. To show that 2. implies 1., note that

suptr Q; < oo implies that
Qw = | 50QQ'S" Wt
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is a well-defined positive definite trace class operator (since t — Q,} /2 forms a Cauchy sequence
in the space of Hilbert-Schmidt operators). Furthermore, one has the identity

t
(2, Qo) = (S™(t)r, QuoS™ (D)) + /0 1Q*S* ()| ds .

for x € D(L*), both terms on the right hand side of this expression are differentiable. Taking the
derivative at ¢ = 0, we get
0 = 2Re(Quo Lz, z) + ||Q*z|%,

which is precisely the identity in 1.

Let now (D be a given operator as in 1., we want to show that the centred Gaussian measure
oo With covariance () is indeed invariant for P;. For x € D(L*), it follows from Proposition 4.6
that the map F,:t — (QooS*(t)x, S*(t)x) is differentiable with derivative given by 0, F,(t) =
2Re(Qoo L*S*(t)z, S*(t)x). It follows that

F.(t) — F,(0) = Q/Ot Re(Qoo L*S*(s)x, S*(s)x) ds = — /(;t ||Q*S*(s)ac||2 ds ,

so that one has the identity

t
Qoo = SH)QuoS™ (1) + /0 S()QQ*S*(s)ds = S(HQoeS™ (1) + Qs .

Inserting this into (5.13), the claim follows. Here, we used the fact that D(L*) is dense in H,
which is always the case on a Hilbert space, see [ Yos95, p. 196].

Since it is obvious from (5.13) that every measure of the type v x pi With v invariant for S
is also invariant for P, it remains to show that the converse also holds. Let x be invariant for P;
and define . as the push-forward of p under the map S(t). Since f:(x) = (S*(t)x), it follows
from (5.13) and the invariance of p that there exists a function : H — R such that fi;(z) — ¥(x)
uniformly on bounded sets, 1) o S(t)* = ), and such that ji(x) = (x) exp(—%(x, Qoox)). Tt
therefore only remains to show that there exists a probability measure v on H such that ¢ = 7.

In order to show this, it suffices to show that the family of measures {1} is tight, that is for
every € > ( there exists a compact set K such that p:(K) > 1—¢ for every ¢t. Prokhorov’s theorem
[Bil68, p. 37] then ensures the existence of a sequence ¢,, increasing to oo and a measure v such
that p;, — v weakly. In particular, fi;, (x) — D(x) for every x € H, thus concluding the proof.

To show tightness, denote by 14 the centred Gaussian measure on 7 with covariance (); and
note that one can find a sequence of bounded linear operators A,:H — H with the following
properties:

a. One has ||A,+12|| > ||Apz]| for every z € H and every n > 0.

b. The set Br = {x : sup,, ||Anz| < R} is compact for every R > 0.

c. One has sup,, tr A,Qsc A4;, < 0.

(By diagonalising (), the construction of such a family of operators is similar to the construction,
given a positive sequence {\, } with >_, A, < oo, of a positive sequence a,, with lim,,_,oc a,, =
+ooand ), apA, < 00.) Let now € > 0 be arbitrary. It follows from Prokhorov’s theorem that
there exists a compact set K C H such that w(H N\ K)< 5. Furthermore, it follows from property
c. above and the fact that Qo > @Q; that there exists R > 0 such that v,(H \ Br) < 5. Define a
set K C 'H by

K={2:—y:z2€K,yecBg}.

It is straightforward to check, using the Heine-Borel theorem, that K is precompact.
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If we now take X and Y to be independent H-valued random variables with laws p; and v
respectively, then it follows from the definition of a mild solution and the invariance of u that Z =
X + Y has law p. Since one has the obvious implication {Z € K}&{Y € Br} = {X € K}, it
follows that

M\ K)=P(X ¢ K)<P(Z¢ K)+P(Y ¢ Bp) < ¢,

thus showing that the sequence {y} is tight as requested. O

It is clear from Theorem 5.23 that if (5.1) does have a solution in some Hilbert space H and
if [[S(t)|| — 0 as ¢ — oo in that same Hilbert space, then it also possesses a unique invariant
measure on H. It turns out that as far as the “uniqueness” part of this statement is concerned, it is
sufficient to have lim;_, ||S(t)z|| = 0 for every x € H:

Proposition 5.24 [f lim;_. ||S(t)z|| = O for every x € 'H, then (5.1) can have at most one
invariant measure. Furthermore, if an invariant measure [, exists in this situation, then one has
Piv — uo weakly for every probability measure v on 'H.

Proof. In view of Theorem 5.23, the first claim follows if we show that dg is the only measure that
is invariant under the action of the semigroup S. Let v be an arbitrary probability measure on H
such that S(¢)*v = v for every ¢t > 0 and let p: H — R be a bounded continuous function. On
then has indeed

/ p(x)v(dx) = lim / p(St)x)v(dx) = p(0), (5.15)
H t—oo JH

where we first used the invariance of v and then the dominated convergence theorem.

To show that P/v — [ whenever an invariant measure exists we use the fact that in this
case, by Theorem 5.23, one has Q); T (Q~ in the trace class topology. Denoting by p; the centred
Gaussian measure with covariance Q;, the fact that L? convergence implies weak convergence
then implies that there exists a measure i, such that yy — i, weakly. Furthermore, the same
reasoning as in (5.15) shows that S(¢)*v — g weakly as ¢ — co. The claim then follows from
the fact that P;'v = (S(t)*v)  p+ and from the fact that convolving two probability measures is a
continuous operation in the topology of weak convergence. O

Note that the condition lim;_, ||S(t)z|| = 0 for every x is not sufficient in general to guaran-
tee the existence of an invariant measure for (5.1). This can be seen again with the aid of Exam-
ple 5.19. Take an increasing function V' with lim,_.~, V(x) = oo, but such that [;° e~V ® dz =
oo. Then, since exp(V(z) — V(z 4+ t)) < 1 and lim;_ exp(V(z) — V(z + t)) = 0 for every
x € R, it follows from (5.8) and the dominated convergence theorem that lim;_, ||S(¢)u|| = 0 for
every u € H. However, the fact that [;° e~V @ dx = oo prevents the random process % defined in
(5.11) from belonging to H, so that (5.9) has no invariant measure in this particular situation.

Exercise 5.25 Show that if (5.1) has an invariant measure ji, but there exists x € H such that
lim sup,_, ., ||S(t)x|| > 0, then one cannot have P; 0, — fi Weakly. In this sense, the statement
of Proposition 5.24 is sharp.

5.3 Convergence in other topologies

Proposition 5.24 shows that if (5.1) has an invariant measure (i, one can in many cases expect to
have P}v — o weakly for every initial measure v. It is however not clear a priori whether such
a convergence also holds in some stronger topologies on the space of probability measures. If we
consider the finite-dimensional case (that is H = R" for some n > 0), the situation is clear: the
condition lim;_, ||S(t)z|| = O for every = € H then implies that lim;_. ||S(¢)|| = 0, so that L
has to be a matrix whose eigenvalues all have strictly negative real parts. One then has:
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Proposition 5.26 [In the finite-dimensional case, assume that all eigenvalues of L strictly negative
real parts and that Q) has full rank. Then, there exists T > 0 such that P;0, has a smooth
density p; , with respect to Lebesgue measure for every t > I'. Furthermore, |1 has a smooth
density poo with respect to Lebesgue measure and there exists ¢ > 0 such that, for every A > 0,
one has

lim e sup ¥ |poc(y) — pra(y)| = 0.

t—o0 yeRn
In other words, p; , converges to ps exponentially fast in any weighted norm with exponentially
increasing weight.

The proof of Proposition 5.26 is left as an exercise. It follows in a straightforward way from
the explicit expression for the density of a Gaussian measure.

In the infinite-dimensional case, the situation is much less straightforward. The reason is that
there exists no natural reference measure (the equivalent of the Lebesgue measure) with respect to
which one could form densities.

In particular, even though one always has ||u; — fool/co — O in the finite-dimensional case
(provided that 1 exists and that all eigenvalues of L have strictly negative real part), one cannot
expect this to be true in general. Consider for example the SPDE

dr = —xdt+QdW (), z@t)eH,

where W is a cylindrical process on H and (): H — H is a Hilbert-Schmidt operator. One then
has . o .
Q=—5—0QQ".  Qu=3Q0".

Combining this with Proposition 3.30 (dilates of an infinite-dimensional Gaussian measure are
mutually singular) shows that if QQ* has infinitely many non-zero eigenvalues, then p; and fiso
are mutually singular in this case.

One question that one may ask oneself is under which condi- K .
tions the convergence P/ — i takes place in the total variation v
norm. The total variation distance between two probability mea- \
sures is determined by their ‘overlap’ as depicted in the figure on
the right: the total variation distance between p and v is given by
the dark gray area, which represents the parts that do not overlap.
If 1+ and v have densities D,, and D,, with respect to some common
reference measure 7 (one can always take 7 = %(u +v)), then one
has ||u — v||tv = [ |Du(z) — Dy(x)| n(dx).

Exercise 5.27 Show that this definition of the total variation distance does not depend on the
particular choice of a reference measure.

The total variation distance between two probability measures ;. and v on a separable Banach
space B can alternatively be characterised as

—v =2 inf xw({z , 5.16
ln=virv=2__inf «({z#y} (5.16)
where the infimum runs over the set 4’(u, v/) of all probability measures 7 on B x B with marginals
v and v. In other words, if the total variation distance between p and v is smaller than 2¢, then
it is possible to construct B-valued random variables X and Y with respective laws p and v such
that X = Y with probability larger than 1 — .
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This yields a straightforward interpretation to the total variation convergence P/ — ioo: for
large times, a sample drawn from the invariant distribution is with high probability indistinguish-
able from a sample drawn from the Markov process at time ¢t. Compare this with the notion of
weak convergence which relies on the topology of the underlying space and only asserts that the
two samples are close with high probability in the sense determined by the topology in question.
For example, ||6, — 0, || is always equal to 2 if = # y, whereas §, — J, weakly if z — y.

Exercise 5.28 Show that the two definitions of the total variation distance given above are indeed
equivalent by constructing a coupling that realises the infimum in (5.16). It is useful for this to
consider the measure y A v which, in p and v have densities D, and D,, with respect to some
common reference measure 7, is given by (D,,(x) A D, (x))7(dx).

An alternative characterisation of the total variation norm is as the dual norm to the supremum
norm on the space %, () of bounded Borel measurable functions on 1:

- = dzx) — dz) : <1;.
= vlirv = sup{ / p(z)pdx) / () : sup |p(@)] < }

It turns out that, instead of showing directly that P/v — oo in the total variation norm, it is
somewhat easier to show that one has P;v — i in a type of ‘weighted total variation norm’,
which is slightly stronger than the usual total variation norm. Given a weight function V: B — Ry,
we define a weighted supremum norm on measurable functions by

el = sup 1EDL
zeB 1+ V(x)
as well as the dual norm on measures by
= virvy = sup{ [ w@mtde) = [ e@wo) s Jelv <1}, 617

Since we assumed that V' > 0, it is obvious that one has the relation || — v|tv < ||u — v|[tv,v,
so that convergence in the weighted norm immediately implies convergence in the usual total
variation norm. By considering the Jordan decomposition of ;1 — v = g4 — g_, it is clear that the
supremum in (5.17) is attained at functions ¢ such that p(x) = 1 4+ V(z) for o4 -almost every x
and p(z) = —1 — V(x) for o_-almost every z. In other words, an alternative expression for the
weighted total variation norm is given by

i =vivy = [ 0+ V@) lu =i, (5.18)

just like the total variation norm is given by || — v||tv = |p — v[(X).

The reason why it turns out to be easier to work in a weighted norm is the following: For a
suitable choice of V, we are going to see that in a large class of examples, one can construct a
weight function V' and find constants ¢ < 1 and T" > 0 such that

|Pru— Prvlrvy <cllp— vty , (5.19)

for any two probability measures p and v. This implies that the map Pr is a contraction on the
space of probability measures, which must therefore have exactly one fixed point, yielding both
the existence of an invariant measure (., and the exponential convergence of P/ to i for every
initial probability measure v which integrates V.

This argument is based on the following abstract result that works for arbitrary Markov semi-
groups on Polish (that is separable, complete, metric) spaces:
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Theorem 5.29 (Harris) Let P; be a Markov semigroup on a Polish space X such that there exists
a time Ty > 0 and a function V: X — Ry such that:

o The exist constants v < 1 and K > 0 such that Pr,V(z) < vV (z) + K for every x € X.

e Forevery K' > 0, there exists § > 0 such that ||P}, 0, — Pz, 6ylltv < 2 — & for every pair
x,y such that V(z) + V(y) < K.

Then, there exists T' > 0 such that (5.19) holds for some c < 1.

In a nutshell, the argument for the proof of Theorem 5.29 is the following. There are two
mechanisms that allow to decrease the weighted total variation distance between two probability
measures:

2. The mass of the two measures moves into regions where the weight V' (x) becomes smaller.

1. The two measures ‘spread out’ in such a way that there is an increase in the overlap between
them.

The two conditions of Theorem 5.29 are tailored such as to combine these two effects in order to
obtain an exponential convergence of P; 1 to the unique invariant measure for P; as t — oo.

Remark 5.30 Traditional proofs of Theorem 5.29 as given for example in [MT93] tend to make
use of coupling arguments and estimates of return times of the Markov process described by P; to
level sets of V. Such proofs are quite involved at a technical level and are by consequent not easy
to follow. Furthermore, they require more background in advanced probability theory than what is
assumed for the scope of these notes. The elementary proof given here is taken from [HMO08] and
is based on the arguments first exposed in [HMO06]. It has the disadvantage of being less intuitively
appealing than proofs based on coupling arguments, but this is more than offset by the advantage
of fitting into less than two pages without having to appeal to advanced mathematical concepts. It
also has the advantage of being generalisable to situations where (5.19) does not hold, see [].

Before we turn to the proof of Theorem 5.29, we define for every 3 > 0 the distance function

- 0 ifr=y
dp(@,y) = { 24 V@) + V() ifz Ay

One can check that the positivity of V' implies that this is indeed a distance function, albeit a rather
strange one. We define the corresponding ‘Lipschitz’ seminorm on functions ¢: X — R by

lp(x) = (y)|
ip, =SUp ————
HSDHL P :13751:3 dﬁ(l’, y)

We are going to make use of the following lemma:
Lemma 5.31 With the above notations, one has ||¢||Lip, = infeer [[¢ + c[|gv-

Proof. It is obvious that |[¢||Lip, < | + ¢[[sv for every ¢ € R. On the other hand, if z is any
fixed point in X', one has

[p(@)| < le@o)| + [[ellLip, (2 + BV (@) + BV (x0)) (5.20)

forall x € X. Set now

¢ = —sup (¢() — [|¢llLip, (1 + BV (2))) .
TeEX
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It follows from (5.20) that c is finite. Furthermore, one has

o) + ¢ < oY) — () = [[@llLip, (1 + BV W) = [[ollLip, (1 + BV W)

and
py) +c= inf (p(y) = @) + [lllLip, (1 + 6V (@)
> inf [[¢llLip, (1 + BV (@) — ds(@, ) = ~ll¢lLip, (1 + SV )
which implies that [ + c[lgv < [[¢][Lip,- 0

Proof of Theorem 5.29. During this proof, we use the notation P < P, for simplicity. We are
going to show that there exists a choice of 3 € (0, 1) such that there is & < 1 satisfying the bound

[Po(z) = Pe(y)| < adg@, y)||¢|lLip, » (5.21)

uniformly over all measurable functions p: X — R and all pairs x,y € X. Note that this is
equivalent to the bound ||Pp|[Lip, < a[¢|Lip,- Combining this with Lemma 5.31 and (5.18), we
obtain that, for T" = nT{), one has the bound

1P = Pivlvy = inf [ (Pre)@ (= v)da)
lellvst/x

= ||¢}|r\l,f§1 clgl’f; X((Pﬂp)(x) +¢) (u— v)(dx)

< inf inf |[Pre +c /1+Vx — v|(dx
(ol Inf [Pro+cllv [ (14 V(@) |p = vi(dz)

= inf B Vinf |Pro +cllgvip —v
o ceRH ¢ +cllpvile — vy

= ﬂ_l inf P Li -V
o< IPrell lngM v,y
n

a” o
S " inf Li — v S - v '
B llelv<t e lipg [l = vy, 32 = vllry v

Since o < 1, the result (5.19) then follows at once by choosing n sufficiently large.

Let us turn now to (5.21). If z = y, there is nothing to prove, so we assume that = # y.
Fix an arbitrary non-constant function ¢ and assume without loss of generality that ||¢||Lip, = 1.
It follows from Lemma 5.31 that, by adding a constant to it if necessary, we can assume that
lo(x) + ¢ < (14 pV(2)).

This immediately implies the bound

[Po(x) — Poy)| < (2+ BPV(x) + BPV(y))
<2+ 26K + ByV(x) + ByV(Yy) .

Suppose now that x and y are such that V(z) 4+ V(y) > % A straightforward calculation

shows that in this case, for every 3 > 0 there exists o1 < 1 such that (5.21) holds. One can choose
for example
1 L s

21 —y+BK+p"

o] =
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Take now a pair x, y such that V(z) + V(y) < QIKfJ;Q Note that we can write ¢ = 1 + @2
with [@1(x)] < 1 and |pa2(x)| < BV (z). (Set p1(x) = (p(x) A1)V (—1).) It follows from the
assumptions on V that there exists some d > 0 such that

[Po(x) — Po)] < |Pe1(z) — Pe1(y)| + [Ppa(z) — Ppa(y)|
< ||P*0; — P*0yllTv + B(PV)(x) + B(PV)(v)
<2-6+4B2K +V(@) +1V () < 2—6+25Km .

If we now choose 8 < &;—7, (5.21) holds witha =1 — %5 < 1. Combining this estimate with
the one obtained previously shows that one can indeed find « and 3 such that (5.21) holds for all
z and y in X, thus concluding the proof of Theorem 5.29. O

One could argue that this theorem does not guarantee the existence of an invariant measure
since the fact that P71t = p does not guarantee that P; . = pu for every t. However, one has:

Lemma 5.32 If there exists a probability measure such that P1pw = u for some fixed time T' > 0,
then there also exists a probability measure i such that P] lieo = oo for all t > 0.

Proof. Define the measure i, by

1 T,
o) = - [ PruCA
0
It is then a straightforward exercise to check that it does have the requested property. O

We are now able to use this theorem to obtain the following result on the convergence of the
solutions to (5.1) to an invariant measure in the total variation topology:

Theorem 5.33 Assume that (5.1) has a solution in some Hilbert space 'H and that there exists a

time T such that ||S(T)|| < 1 and such that S(T') maps H into the image of QIT/ 2. Then (5.1)
admits a unique invariant measure [~ and there exists v > 0 such that

1PV — pos v < Cw)e™ ",
for every probability measure v on H with finite second moment.

Proof. Let V(x) = ||z|| and denote by s the centred Gaussian measure with covariance Q);. We
then have

PV() < S]] + /H ]| ()

which shows that the first assumption of Theorem 5.29 is satisfied. A simple variation of Exer-
cise 3.24 (use the decomposition H = H & ker K) shows that the Cameron-Martin space of ur is

given by Im QIT/ % endowed with the norm
: 1/2
Ihllr = inf{lle] : b= Qy*} .
Since we assumed that S(7") maps H into the image of Qéﬂ/ ?_ it follows from the closed graph

theorem that there exists a constant C' such that | S(T)z||7 < C||z|| for every x € H. It follows
from the Cameron-Martin formula that the total variation distance between P70, and Pr.0, is
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equal to the total variation distance between N (0, 1) and N(||S(T)z — S(T)y||r, 1), so that the
second assumption of Theorem 5.29 is also satisfied.

Both the existence of y., and the exponential convergence of P;v towards it is then a con-
sequence of Banach’s fixed point theorem in the dual to the space of measurable functions with
ol < oo. O

Remark 5.34 The proof of Theorem 5.33 shows that if its assumptions are satisfied, then the map
x — Pf 0, is continuous in the total variation distance for t > 7.

Remark 5.35 Since Im S(¢) decreases with ¢ and Im Qtl/ ? increases with t, it follows that if
ImS(@) C Im Qi/ % for some t, then this also holds for any subsequent time. This is consis-
tent with the fact that Markov operators are contraction operators in the supremum norm, so that
if x — P}, is continuous in the total variation distance for some ¢, the same must be true for all
subsequent times.

While Theorem 5.33 is very general, it is sometimes not straightforward at all to verify its
assumptions for arbitrary linear SPDEs. In particular, it might be complicated a priori to determine

the image of Q; /2. The task of identifying this subspace can be made easier by the following result:

Proposition 5.36 The image of Qtl % s equal to the image of the map A; given by
¢
A L2([0,4),K) — H,  Aph— / S(s)Qh(s)ds .
0

Proof. Since QQ; = A; A}, we can use polar decomposition [RS80, Thm VI.10] to find an isometry

J; of (ker A;)™ C H (which extends to H by setting J;z = 0 for « € ker A;) such that Q;@l 2 _
At Jt.

Alternatively, one can show that, in the situation of Theorem 3.34, the Cameron-Martin space
of fi = A*p is given by the image under A of the Cameron-Martin space of y. This follows from
Proposition 3.21 since, as a consequence of the definition of the push-forward of a measure, the
composition with A yields an isometry between L2(13, 1) and L?(B, f1). O

One case where it is straightforward to check whether S(t) maps H into the image of Q; s
the following:

Example 5.37 Consider the case where ' = H, L is selfadjoint, and there exists a function
f:R — R, such that Q = f(L). (This identity should be interpreted in the sense of the functional
calculus already mentioned in Theorem 4.14.)

If we assume furthermore that f(A) > 0 for every A € R, then the existence of an invariant
measure is equivalent to the existence of a constant ¢ > 0 such that (z, Lz) < —cl|z||? for every
x € 'H. Using functional calculus, we see that the operator Q7 is then given by

_ PO

_ 1 _ —2LT

and, for every 7' > 0, the Cameron-Martin norm for p7 is equivalent to the norm

VL
Izl = |+

In order to obtain convergence P}V — i in the total variation topology, it is therefore sufficient
that there exist constants ¢, C' > 0 such that f(\) > Ce~* for A\ > 0.
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This shows that one cannot expect convergence in the total variation topology to take place
under similarly weak conditions as in Proposition 5.24. In particular, convergence in the total
variation topology requires some non-degeneracy of the driving noise which was not the case for
weak convergence.

Exercise 5.38 Consider again the case K = H and L selfadjoint with (x, Lz) < —c||z||? for some
¢ > 0. Assume furthermore that () is selfadjoint and that () and L commute, so that there exists
a space L2(M, p) isometric to H and such that both QQ and L can be realised as multiplication
operators (say f and g respectively) on that space. Show that:

e In order for there to exist solutions in H, the set Ag = {\ € M : f(\) # 0} must be
‘essentially countable’ in the sense that it can be written as the union of a countable set and
a set of y-measure 0.

o If there exists 7' > 0 such that Im S(7") C Im Q;/ ?_then (4 1s purely atomic and there exists
some possibly different time ¢ > 0 such that S(¢) is trace class.

Exercise 5.37 suggests that there are many cases where, if S(f) maps H to Im Q% /% for some
t > 0, then it does so for all ¢ > 0. It also shows that, in the case where L and () are selfadjoint and
commute, () must have an orthnormal basis of eigenvectors with all eigenvalues non-zero. Both
statements are certainly not true in general. We see from the following example that there can be

infinite-dimensional situations where .S(¢) maps H to Im Qtl /? even though @) is of rank one!

Example 5.39 Consider the space H = R@® L?([0, 1], R) and denote elements of H by (a, u) with
a € R. Consider the semigroup S on H given by

- - a forx <t
S e, v) = (@, T), @) = { w(x —t) forxz > t.
It is easy to check that S is indeed a strongly continuous semigroup on H and we denote its
generator by (0, 9;;). We drive this equation by adding noise only on the first component of H. In
other words, we set L = R and Q1 = (1, 0) so that, formally, we are considering the equation

da = dW (1), du = Ozudt .

Even though, at a formal level, the equations for a and u look decoupled, they are actually coupled
via the domain of the generator of S. In order to check whether S(t) maps H into H; = Im Q% / 2,

we make use of Proposition 5.36. This shows that H; consists of elements of the form

t
/ h(s)xs ds |
0

where h € L2([0,t]) and x; is the image of (1, 0) under S(s), which is given by (1, 1jp sa17). On
the other hand, the image of S(¢) consists of all elements (a, u) such that uw(z) = a for x < t.
Since one has xs(z) = 0 for x > s, it is obvious that Im S(t) ¢ H; fort < 1.

On the other hand, for ¢ > 1, given any a > 0, we can find a function h € L2([0, t]) such that
h(z) =0 forx <1 and fg h(x)dx = a. Since, for s > 1, one has ys(x) = 1 for every x € [0, 1],
it follows that one does have Im S(t) C H; fort < 1.
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6 Semilinear SPDEs

Now that we have a good working knowledge of the behaviour of solutions to linear stochastic
PDEs, we are prepared to turn to nonlinear SPDEs. In these notes, we will restrict ourselves to the
study of semilinear SPDEs with additive noise.

In this context, a semilinear SPDE is one such that the nonlinearity can be treated as a pertur-
bation of the linear part of the equation. The word additive for the noise refers to the fact that, as
in (5.1), we will only consider noises described by a fixed operator Q): K — B, rather than by an
operator-valued function of the solution. We will therefore consider equations of the type

de =Lxdt+ F(x)dt+QdW (), xz(0)=x9€B, (6.1)

where L is the generator of a strongly continuous semigroup S on a separable Banach space B,
W is a cylindrical Wiener process on some separable Hilbert space C, and Q: K — B is bounded.
Furthermore, F' is a measurable function from some linear subspace D(F") C B into B. We will
say that a process ¢t — x(t) € D(F') is a mild solution to (6.1) if the identity

¢ ¢
x(t) = St)zo + /0 St — s)F(x(s))ds + /0 St —s)QdW(s) . (6.2)

holds almost surely for every ¢ > 0.

6.1 Local solutions

Throughout this section, we will make the standing assumption that the linearisation to (6.1) (that
is the corresponding equation with /' = 0) does have a continuous solution with values in B. In
order to simplify notations, we are going to write

def ¢
W) /O S(t — $)QdW(s)

In the nonlinear case, there are situations where solutions explode after a finite (but possibly
random) time interval. In order to be able to account for such a situation, we introduce the no-
tion of a local solution. Recall first that, given a cylindrical Wiener process W defined on some
probability space (€2, P), we can associate to it the natural filtration {.%;};>0 generated by the
increments of W.

In this context, a stopping time is a positive random variable 7 such that the event {7 < T'} is
Fr-measurable for every T' > 0. With this definition at hand, we have:

Definition 6.1 A local mild solution to (6.1) is a D(F")-valued stochastic process = together with
a stopping time 7 such that 7 > 0 almost surely and such that the identity

t
x(t) = St)zo + / St — s)F(x(s))ds + Wr(t), (6.3)
0
holds almost surely for every stopping time ¢ such that ¢ < 7 almost surely.

Remark 6.2 In some situations, it might be of advantage to allow F' to be a map from D(F) to B
for some superspace B’ such that B C B’ densely and such that S(t) extends to a continuous linear
map from B’ to B. The prime example of such a space B’ is an interpolation space with negative
index in the case where the semigroup S is analytic. The definition of a mild solution carries over
to this situation without any change.
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A local mild solution (z, 7) is called maximal if, for every mild solution (&, 7), one has 7 < 7
almost surely.

Exercise 6.3 Show that mild solutions to (6.1) coincide with mild solutions to (6.1) with L re-
placed by L = L — c and F' replaced by F' = F' 4+ c for any constant c € R.

Our first result on the existence and uniqueness of mild solutions to nonlinear SPDEs makes
the strong assumption that the nonlinearity F’ is defined on the whole space B and that it is locally
Lipschitz there:

Proposition 6.4 Consider (6.1) on a Banach space B and assume that W, is a continuous B-
valued process. Assume furthermore that F: B — B is such that it restriction to every bounded
set is Lipschitz continuous. Then, there exists a unique maximal mild solution (x,T) to (6.1).
Furthermore, this solution has continuous sample paths and one has limyy, ||z(t)|| = oo almost
surely on the set {T < oo}

If F is globally Lipschitz continuous, then T = oo almost surely.

Proof. Given any realisation Wy, € C(R, B) of the stochastic convolution, we are going to show
that there exists a time 7 > 0 depending only on W, up to time 7 and a unique continuous function
x:[0,7) — B such that (6.3) holds for every ¢ < 7. Furthermore, the construction will be such
that either 7 = oo, or one has limy, ||z(t)|| = oo, thus showing that (z, 7) is maximal.

The proof relies on the Banach fixed point theorem. Given a terminal time 7' > 0 and a
continuous function g: Ry — B, we define the map M, 7: C([0,T'], B) — C([0,T'], B) by

¢
(Mg 7u)(t) = /0 St — s)F(u(s))ds + g(t) .

The proof then works in almost exactly the same way as the usual proof of uniqueness of a maximal
solution for ordinary differential equations with Lipschitz coefficients. Note that we can assume
without loss of generality that the semigroup S is bounded, since we can always subtract a constant
to L and add it back to F'. Using the fact that ||S(¢)|| < M for some constant M, one has for any
T > 0 the bound

sup || M, rut) — Mypo®)|| < MT sup ||[F(u(t)) — F(u(®)]| - (6.4)
te[0,T7] te[0,T7]

Furthermore, one has

sup || My ru(t) — gl < MT sup |[Fu(®))]] - (6.5)
t€[0,T7] t€[0,T7]

Fix now an arbitrary constant & > 0. Since F' is locally Lipschitz, it follows from (6.4) and
(6.5) that there exists a maximal 7" > 0 such that M, 7 maps the ball of radius R around g in
C([0,T71, B) into itself and is a contraction with contraction constant % there. This shows that
Mg 7 has a unique fixed point for 7" small enough and the choice of 1" was obviously performed
by using knowledge of ¢ only up to time 7. Setting g(t) = S(t)xo + Wr(t), the pair (x,T), where
T'is as just constructed and x is the unique fixed point of M, 7 thus yields a local mild solution to
(6.1).

In order to construct the maximal solution, we iterate this construction in the same way as
in the finite-dimensional case. Uniqueness and continuity in time also follows as in the finite-
dimensional case. In the case where F' is globally Lipschitz continuous, denote its Lipschitz
constant by K. We then see from (6.4) that M, 7 is a contraction on the whole space for 1" <
1/(K M), so that the choice of T can be made independently of the initial condition, thus showing
that the solution exists for all times. O
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While this setting is very straightforward and did not make use of any PDE theory, it never-
theless allows to construct solutions for an important class of examples, since every composition
operator of the form (N (u))(€) = (f o u)(€) is locally Lipschitz on C(K,R%) (for K a compact
subset of R™, say), provided that f: R — R is locally Lipschitz continuous.

A much larger class of examples can be found if we restrict the regularity properties of F', but
assume that L generates an analytic semigroup:

Proposition 6.5 Let L generate an analytic semigroup on B (denote by B, o € R the corre-
sponding interpolation spaces) and assume that Q) is such that the stochastic convolution Wy, has
almost surely continuous sample paths in B, for some o > 0. Assume furthermore that there
exists v > 0and § € [0, 1) such that, for every 3 € [0, ], the map F extends to a locally Lipschitz
continuous map from Bg to Bg_s that grows at most polynomially.

Then, (6.1) has a unique maximal mild solution (x,T) with x taking values in Bg for every

B<BeZan(y+1—0).

Proof. In order to show that (6.1) has a unique mild solution, we proceed in a way similar to the
proof of Proposition 6.4 and we make use of Exercise 4.33 to bound ||.S(t — s)F'(u(s))| in terms
of || F'(u(s))||—s. This yields instead of (6.4) the bound

sup || Mg ru(t) — Mg ro@)| < MT'™° sup | E(u(t)) — Fu@))| , (6.6)

te[0,T t€[0,T]

and similarly for (6.5), thus showing that (6.1) has a unique B-valued maximal mild solution (z, 7).
In order to show that z(¢) actually belongs to Bg for ¢ < 7 and 8 < o A 7y, we make use of a
‘bootstrapping’ argument, which is essentially an induction on .

For notational convenience, we denote by Wi (s,t) = | st St — r)Q dW (r) the stochastic
convolution between times s and t. We are actually going to show the following stronger statement.
Fix an arbitrary time 7" > 0. Then, for every 3 € [0, §,) there exist exponents pg > 1 and gg > 0
and a constant C' such that the bound

lzellp < CE7%(1+ sup [lagl|+ sup  [Wr(s,r)llg)™ . (6.7)
s€l5.t] L<s<r<t
holds almost surely for all ¢t € (0, T7].
The bound (6.7) is obviously true for 3 = 0 with pg = 1 and gg = 0. Assume now that, for
some a = ag € [1/2,1) and for some 3 = [y € [0, 7], we have the bound
lzellp < Ct7%(1+ sup |zl +  sup [[WL(s,ms)"™ . (6.8)
s€lat,t] at<s<r<t
forallt € (0,77].
We will then argue that, for any arbitrary ¢ € (0,1 — §), the statement (6.8) also holds for
B = Po + € (and therefore also for all intermediate values) and a = ag. Since it is possible to
go from 3 = 0 to any value of § < v+ 1 — ¢ in a finite number of such steps and since we are
allowed to choose a as close to 1 as we wish, the claim then follows at once.
From the definition of a mild solution, we have the identity

zy = S((1 — a)D)xar + / t S(t — s)F(x(s))ds + Wr(at, t) .
at

Since 8 < #, it follows from our polynomial growth assumption on F' that there exists n > 0 such
that, for ¢t € (0,7,

t
el pre < Ct||zatllp + [Welat, t)||pre + C / (- )T + ||ag||p)™ ds
a
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<O+t sup (1+||zs|3) + [Wr(at, ) g1z
at<s<t

<Ot sup (14 [lzsllf) + [IWeat, D)l p1e -
at<s<t
Here, the constant C' depends on everything but ¢ and . Using the induction hypothesis, this
yields the bound

[zellgre < CE"2 (1 + sup lzsl|+ sup [[Wiis,m)lp)™ + [[Wir(at, )| pte »
s€la?t,t] a2<s<r<t

thus showing that (6.8) does indeed hold for § = [y + € and a = a(% with pgy. = npg and
qg+e = € + nqg. This concludes the proof of Proposition 6.5. O

Remark 6.6 We slightly cheated in this proof since it appears to rely on the fact that the quan-
tity Sup,s<sep<t ||Wr(s, )|« is almost surely finite, which does not immediately follow from
the fact that supy ., |WL(s)||« is almost surely finite. However, a closer inspection of the
proof shows that, in order to obtain (6.7) for some fixed ¢, one actually only needs to have
sup,, sup; << [|Wi(tn, s)||o < oo for a finite number of values t,,, which is always the case.

6.2 Interpolation inequalities and Sobolev embeddings

The kind of bootstrapping arguments used in the proof of Proposition 6.5 above are extremely
useful to obtain regularity properties of the solutions to semilinear parabolic stochastic PDEs.
However, they rely on obtaining bounds on the regularity of F' from one interpolation space into
another. In many important situations, the interpolation spaces turn out to be given by fractional
Sobolev spaces. For the purpose of these notes, we are going to restrict ourselves to the analytically
easier situation where the space variable of the stochastic PDE under consideration takes values
in the d-dimensional torus T¢. For the corresponding embeddings on more general manifolds or
unbounded domains, see for example the comprehensive monographs [Tri83, Tri92, Tri06].
Recall that, given a distribution u € L%(T%), we can decompose it as a Fourier series:

u(x) = Z uge' k)

kez?

where the identity holds for (Lebesgue) almost every = € T¢. Furthermore, the L? norm of u is
given by Parseval’s identity ||u||? = 3" |ux|?. We have

Definition 6.7 The fractional Sobolev space H*(T?) for s > 0 is given by the subspace of func-
tions v € L2(T%) such that

Jullzrs = D A+ |k]**ugl* < oo (6.9)
kezd

Note that this is a separable Hilbert space and that H = L?. For s < 0, we define H* as the
closure of L? under the norm (6.9).

Remark 6.8 By the spectral decomposition theorem, H* for s > 0 is the domain of (1 — A)*/2
and we have ||ul|zrs = ||(1 — A)%/?u)| 2.

A very important situation is the case where L is a differential operator with constant coef-
ficients (formally L = P(0,) for some polynomial P:R% — R) and M is either an L? space or
some Sobolev space. In this case, one has
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Lemma 6.9 Assume that P:R% — R is a polynomial of degree 2m such that there exist positive
constants ¢, C such that the bound

(—1)m+16“€‘2m < P(k) < (—1)m+10’k‘2m )

holds for all k outside of some compact set. Then, the operator P(0,) generates an analytic

semigroup on H = H? for every s € R and the corresponding interpolation spaces are given by
Ha — Hs+2ma'

Proof. By inspection, noting that P(0,) is conjugate to the multiplication operator by P(ik) via
the Fourier decomposition. O

Note first that for any two positive real numbers a and b and any pair of positive conjugate
exponents p and ¢, one has Young’s inequality
P 1 1
<4, 4o —1, (6.10)
p q p q
As a corollary of this elementary bound, we obtain Holder’s inequality, which can be viewed as a
generalisation of the Cauchy-Schwartz inequality:

Proposition 6.10 (Holder’s inequality) Ler (M, 1) be a measure space and let p and q be a pair
of positive conjugate exponents. Then, for any pair of measurable functions u,v: M — R, one
has

[ @) pda) <l o
M

q >
for any pair (p, q) of conjugate exponents.
Proof. 1t follows from (6.10) that, for every € > 0, one has the bound

ePllully | llvlIg

[ | uazy < 10
M p

’

qe?

1 1_q
Setting ¢ = ||v]|§ ||u||; ~ concludes the proof. 0

One interesting consequence of Holder’s inequality is the following interpolation inequality
for powers of selfadjoint operators:

Proposition 6.11 Let A be a positive definite selfadjoint operator on a separable Hilbert space
H and let o € [0, 1]. Then, the bound | A%u|| < || Au||*||u|[* =% holds for every u € D(A%) C H.

Proof. The extreme cases a € {0,1} are obvious, so we assume a € (0,1). By the spectral

theorem, we can assume that H = L?(M, 1) and that A is the multiplication operator by some
positive function f. Applying Holder’s inequality with p = 1/aand ¢ = 1/(1 — «), one then has

4%l = [ fo@y pdn) = [ |ful* @ P~ @ pdo)
< ([ Povt@uan)” ([ w@ud)

which is exactly the bound we wanted to show. O
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An immediate corollary is:
Corollary 6.12 For anyt > s and any r € [s,t], the bound
lullf <l el (6.11)
is valid for every u € H'.
Proof. Apply Proposition 6.11 with H = H®, A = (1 — A)t_TS, and o = (r — s)/(t — s). O

Exercise 6.13 As a consequence of Holder’s inequality, show that for any collection of n measur-
able functions and any exponents p; > 1 such that ;" ; pi_1 = 1, one has the bound

/M (@) -+ n (@) ) < [t s =+ [t -

Following our earlier discussion regarding fractional Sobolev spaces, it would be convenient
to be able to bound the L? norm of a function in terms of one of the fractional Sobolev norms. It
turns out that bounding the L°° norm is rather straightforward:

Lemma 6.14 Forevery s > %, the space H*(T%) is contained in the space of continuous functions
and there exists a constant C' such that ||u|| e < C||ul| .

Proof. 1t follows from Cauchy-Schwarz that

Z ’Uk’ < (Z(1+ ‘k’2)s’uk’2)1/2(z(1+ |k’2)75)1/2 .

kezd kezd kezd
Since the sum in the second factor converges if and only if s > %, the claim follows. O
Exercise 6.15 In dimension d = 2, find an example of an unbounded function u such that

lull g1 < 0.

Exercise 6.16 Show that for s > g, H?* is contained in the space C*(T%) for every o < s — %.
As a consequence of Lemma 6.14, we are able to obtain a more general Sobolev embedding

for all LP spaces:

d __d

2 p

H*(T%) is contained in the space LP(T?) and there exists a constant C' such that ||ul|pr <

Theorem 6.17 (Sobolev embeddings) Let p € [2,00]. Then, for every s > , the space

Proof. The case p = 2 is obvious and the case p = oo has already been shown, so it remains to
show the claim for p € (2, 00). The idea is to divide Fourier space into ‘blocks’ corresponding to
different length scales and to estimate separately the L” norm of every block. More precisely, we
define a sequence of functions u™ by

wl@) =u, uP@= Y uet®,
on<|k|<2nt1

sothatonehasu =3, - ™ For n > 0, one has

™I < )G ™72 (6.12)
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Choose now s’ = % + £ and note that the construction of (™, together with Lemma 6.14, guaran-
tees that one has the bounds

™Iz < 27 [u®lgs s u™lze < Clu™| o < C2 ™| s .

Inserting this into (6.12), we obtain
lu®llze < Clu® 205 %) = |25 < Ol o275
It follows that |Jul[» < |uo| + .50 |u™ || z» < C||u| s, provided that the exponent appearing

in this expression is negative, which is precisely the case whenever s > g — O

Tl Tl

Remark 6.18 For p # oo, one actually has H*(T%) ¢ LP(T?) with s = & —
case is more difficult to obtain.

, but this borderline

Combining the Sobolev embedding theorem and Holder’s inequality, it is eventually possible
to estimate in a similar way the fractional Sobolev norm of a product of two functions:

Theorem 6.19 Let r, s and t be positive exponents such that s N\r > tand s +r >t + %. Then,
ifu € H andv € H*, the product w = uv belongs to H'.

Proof. Define ©™ and v™ as in the proof of the Sobolev embedding theorem and set w™™ =
u™™. Note that one has w{™" = 0 if |k| > 2370V _ 1t then follows from Hélder’s inequality

that if p, ¢ > 2 are such that p~' 4+ ¢~ = %, one has the bound
[w™ ™ ge < C21D [l ™| 2 < C2VW | o[ [0 o

Assume now that m > n. The conditions on 7, s and ¢ are such that there exists a pair (p, g) as
above with

>t+ d_d > d_d
r ———, §> = ——.
2 p 2 q
In particular, we can find some £ > 0 such that
lu™ e < Cllu™ | grr-e-= < 27"l . 0™ |ze < Cllv™ || gs-—e < C27"Jv]| g -

Inserting this into the previous expression, we find that
[l ™™ e < C27 7"l e ]| s -

Since our assumptions are symmetric in v and v, we obtain a similar bound for the case m < n,
so that

lwllge < D Nw™)ge < Cllullgrllullgs Y 277" < Cllullarlulls
m,n>0 m,n>0

as requested. O

Exercise 6.20 Show that the conclusion of Theorem 6.19 still holds if s = ¢t = r is a positive
integer, provided that s > %.

Exercise 6.21 Similarly to Exercise 6.13, show that one can iterate this bound so thatif s; > s > 0
are exponents such that >, s; > s + @, then one has the bound

Jur - unlls < Cllurlls, - [Junlls, -
Hint: The case s > % is simple, so it suffices to consider the case s < %.

The functional inequalities from the previous section allow to check that the assumptions of
Propositions 6.4 and 6.5 are verified by a number of interesting equations.
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6.3 Reaction-Diffusion equations

This is a class of partial differential equations that model the evolution of reactants in a gel, de-
scribed by a spatial domain D. They are of the type

du = Audt + foudt+QdW(t), (6.13)

where u(x,t) € R%, z € D, describes the density of the various components of the reaction at
time ¢ and location . The nonlinearity f: R? — R? describes the reaction itself and the term Au
describes the diffusion of the reactants in the gel. The noise term () dW should be interpreted as
a crude attempt to describe the fluctuations in the quantities of reactant due both to the discrete
nature of the underlying particle system and the interaction with the environment?.

Equations of the type (6.13) also appear in the theory of amplitude equations, where they ap-
pear as a kind of ‘normal form’ near a change of linear instability. In this particular case, one
often has d = 2 and f(u) = ku — u|u|? for some x € R, see [BHP05]. A natural choice for the
Banach space B in which to consider solutions to (6.13) is the space of bounded continuous func-
tions B = C(D, Rd) since the composition operator v — f o u (also sometimes called Nemitskii
operator) then maps B into itself and inherits the regularity properties of f. If the domain D is
sufficiently regular then the semigroup generated by the Laplacian A is the Markov semigroup for
a Brownian motion in D. The precise description of the domain of A is related to the behaviour
of the corresponding Brownian motion when it hits the boundary of D. In order to avoid techni-
calities, let us assume from now on that D consists of the torus T", so that there is no boundary to
consider.

Exercise 6.22 Show that in this case, A generates an analytic semigroup on B = C(T", R%) and
that for o € N, the interpolation space B, is given by B, = C2*(T",R%).

If @ is such that the stochastic convolution has continuous sample paths in I3 almost surely and
f is locally Lipschitz continuous, we can directly apply Proposition 6.4 to obtain the existence of
a unique local solution to (6.13) in C(T", Rd). We would like to obtain conditions on f that ensure
that this local solution is also a global solution, that is the blow-up time 7 is equal to infinity almost
surely.

If f happens to be a globally Lipschitz continuous function, then the existence and uniqueness
of global solutions follows from Proposition 6.4. Obtaining global solutions when f is not globally
Lipschitz continuous is slightly more tricky. The idea is to obtain some a priori estimate on some
functional of the solution which dominates the supremum norm and ensures that it cannot blow up
in finite time.

Let us first consider the deterministic part of the equation alone. The structure we are going
to exploit is the fact that the Laplacian generates a Markov semigroup. We have the following
general result:

Lemma 6.23 Let P, be a Feller® Markov semigroup over a Polish space X. Extend it to Cp(X , R%)
by applying it to each component independently. Let V:R% — R_. be convex (that is V (ocx + (1 —
a)y) < aV(@) + (1 — )V (y) forall z,y € R% and o € [0, 1]) and define V:Cy(X,R%) — R,
by f/(u) = sup,cy V(u(x)). Then V(Ptu) < f/(u)for everyt > 0 and every u € Cp(X, R%).

A more realistic description of these fluctuations would result in a covariance ) that depends on the solution w.
Since we have not developed the tools necessary to treat this type of equations, we restrict ourselves to the simple case
of a constant covariance operator ().

3 A Markov semigroup is Feller if it maps continuous functions into continuous functions.
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Proof. Note first that if V' is convex, then it is continuous and, for every probability measure p on
RY, one has the inequality

V( /R I ,u(da:)) < /R V(@) p(da) . (6.14)

One can indeed check by induction that (6.14) holds if p is a ‘simple’ measure consisting of a
convex combination of finitely many Dirac measures. The general case then follows from the
continuity of V and the fact that every probability measure on R? can be approximated (in the
topology of weak convergence) by a sequence of simple measures.

Denote now by P (z,-) the transition probabilities for P, so that (Pwu)(z) =
S w(y) Pe(z, dy). One then has

V(Puu) = sup V(/X u(y) Pz, dy)) = sup V(/Rd v (U Pz, - ))(dv))

reX zeX
<sup | V(v)(u"Px,))(dv) = sup [ V(uy))Pi(z,dy)
zex JR? zex JX
< sup V(u(y) = V() ,
yeX
as required. O

In particular, this result can be applied to the semigroup S(¢) generated by the Laplacian in
(6.13), so that V(S(t)u) < V(u) for every convex V and every u € C(T",R%). This is the main
ingredient allowing us to obtain a priori estimates on the solution to (6.13):

Proposition 6.24 Consider the setting for equation (6.13) described above. Assume that Q) is
such that Wa has continuous sample paths in B = C(T", Rd) and that there exists a convex
twice differentiable function V:R? — Ry such that lim ;| o V(2) = 00 and such that, for every
R > 0, there exists a constant C such that (NV (), f(x + y)) < CV(x) for every z € R? and
every y with |y| < R. Then (6.13) has a global solution in B.

Proof. We denote by u(t) the local mild solution to (6.13). Our aim is to obtain a priori bounds on
V (u(t)) that are sufficiently good to show that one cannot have lim;_, ||u(t)|| = oo for any finite
(stopping) time 7.

Setting v(t) = u(t)—WAa(t), the definition of a mild solution shows that v satisfies the equation

v(t) = eAt(0) + /Ot eA(t_S)(f o (v(s) + Wa(s)))ds eAY0) + /Ot A9 F(s)ds .

Since t — wv(¥) is continuous by Proposition 6.4 and the same holds for Wa by assumption, the
function ¢ — F'(t) is continuous in 3. Therefore, one has

lim 1 ( / " A=) ps)ds — heAhF(O)) =0.
h—0 h 0

We therefore obtain for V(v) the bound

lim sup b~ (V(v(t + h)) — V(v(t))) = lim sup h~H(V (u(t) + hF (1)) — V(u(t))) .
h—0 h—0

Since V belongs to C? by assumption, we have

V(u(t) + hF(t) = sup (V(u(z, 1) + h(VV (u(z, 1), F(z,1))) + O(R?) .
xeT™
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Using the definition of F' and the assumptions on V/, it follows that for every R > 0 there exists a
constant C' such that, provided that ||Wa(?)|| < R, one has

lim sup h =L (V (vt 4 h)) — V(u(t))) < CV(u(t)) .
h—0

A standard comparison argument for ODEs then shows that V(v(t)) cannot blow up as long as
||Wa(t)|| does not blow up, thus concluding the proof. 0

Exercise 6.25 In the case d = 1, show that the assumptions of Proposition 6.24 are satisfied for
V(u) = u? if f is any polynomial of odd degree with negative leading coefficient.

Exercise 6.26 Show that in the case d = 3, (6.13) has a unique global solution when we take for
f the right-hand side of the Lorentz attractor:

o(uz — u1)
Jw) = | ui(o—uz)—uz2 |,
ujug — Bug
where o, o and (3 are three arbitrary positive constants.

6.4 The stochastic Navier-Stokes equations

The incompressible stochastic Navier-Stokes equations on the torus R? are given by
du =vAudt — (u-V)udt — Vpdt + QdW (t) , divu =0, (6.15)

where the pressure p is determined by the incompressibility condition divu = 0 and v > 0 denotes
the kinematic viscosity of the fluid. In order to put these equations into the more familiar form
(6.1), we denote by II the orthogonal projection onto the space of divergence-free vector fields. In
Fourier components, IT is given by

k(k, ug)
|2

(Hu)k = U — (616)
(Note here that the Fourier coefficients of a vector field are themselves vectors.) With this notation,
one has

du = vAudt + (u - VIudt + QdW @) £ Audt + F(u)dt + Q dW (¢) .

Itis clear from (6.16) that II is a contraction in any fractional Sobolev space. For ¢ > 0, it therefore
follows that
|E@Ile < Jullz= | Vallzr < Cllull3 . (6.17)

provided that s > ¢ V (£ + 2 + 4) = ¢ v (£ + 1). In particular, this bound holds for s = ¢ + 1,
provided that £ > 0.

Furthermore, in this setting, since L is just the Laplacian, if we choose H = H?, then the in-
terpolation spaces H,, are given by H, = H*T2. This allows us to apply Proposition 6.5 to show
that the stochastic Navier-Stokes equations admit local solutions for any initial condition in H?,
provided that s > 1, and that the stochastic convolution takes values in that space. Furthermore,
these solutions will immediately lie in any higher order Sobolev space, all the way up to the space
in which the stochastic convolution lies.

This line of reasoning does however not yield any a priori bounds on the solution, so that it
may blow up in finite time. The Navier-Stokes nonlinearity satisfies (u, F'(u)) = 0 (the scalar
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product is the L? scalar product), so one may expect bounds in L2, but we do not know at this
stage whether initial conditions in L? do indeed lead to local solutions. We would therefore like
to obtain bounds on F'(u) in negative Sobolev spaces. In order to do this, we exploit the fact that
H ™% can naturally be identified with the dual of H?®, so that

|F@)|| - = sup{/F(u)(x)v(x) de, vel®, |vllm <1},

Making use of the fact that we are working with divergence-free vector fields, one has (using
Einstein’s convention of summation over repeated indices):

/F(u)vda: = —/vjuzﬁiuj dz < ||v||ze||Vul r2||ul La ,

provided that p,¢ > 2 and % + % = 1. We now make use of the fact that ||u||a < Cql|Vul|> for
every q € [2,00) (but ¢ = oo is excluded) to conclude that for every s > 0 there exists a constant
C such that

IF@)]|—s < C||Vulf?, . (6.18)

In order to get a priori bounds for the solution to the 2D stochastic Navier-Stokes equations,
one can then make use of the following trick: introduce the vorticity w = V A u = Oyug — Oaug.
Then, provided that [ u dx = 0 (which, provided that the range of ) consists of vector fields with
mean 0, is a condition that is preserved under the solutions to (6.15)), the vorticity is sufficient to
describe u completely by making use of the incompressibility assumption div . = 0. Actually, the
map w — u can be described explicitly by

k‘lwk
U = (Kw)k; = W s (kla k?)L — (_kQakl) .
This shows in particular that K is actually a bounded operator from H* into H*T! for every s. It
follows that one can rewrite (6.15) as

dw = vAwdt + (Kw - Vywdt + QdW () £ Awdt + F(w)dt + QdW () . (6.19)
Since F (w) = V A F(Kw), it follows from (6.18) that one has the bounds
IF@)|[-1-5 < Cllwl]l7z ,

so that F is a locally Lipschitz continuous map from L? into H* for every s < —1. This shows
that (6.19) has unique local solutions for every initial condition in L? and that these solutions
immediately become as regular as the corresponding stochastic convolution.

Denote now by W, the stochastic convolution

- t .
W) = /0 AE9G AW (s)

and define the process v(t) = w(t) — Wr(t). With this notation, v is the unique solution to the
random PDE B B
o =vAv+ Fw+ Wp).

It follows from (6.17) that ||F(w>||H:s < C|wl||%s, provided that s > 1/3. For the sake of
simplicity, assume from now on that W, takes values in H 1/2 almost surely. Using the fact that
(v, F(v)) = 0, we then obtain for the L?-norm of v the following a priori bound:

A||v)|? = —2v|| V|2 — 20Wp, F(u + W)
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< —20||Vo|? + 2| WLl g1s2 v + W32
< —20[| V| + WLl g ([0l 3 + WL )2)
< =2 Vol + 4| Wil gz (0l Vol + [WL3/2)

IN

8, ~ -
;HWL”?{l/zHUHZ + QHWLH?{I/Q >

so that global existence of solutions then follows from Gronwall’s inequality.

This calculation is only format, since it is not known in general whether the norm of v is
differentiable in time. The bound that one obtains can however be made rigorous in exactly the
same way as for the example of the stochastic reaction-diffusion equation.
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