Chapter 2
Regularization by Additive Noise

Although the final aim of these lectures is to understand the effect of noise
on PDE, it is very important to investigate more and more the finite dimen-
sional case. Even more basically, we have to understand how Brownian motion
regularizes functions, when it acts on them.

Thus, the first section will be devoted to the action of noise on non-regular
functions and the concept of occupation measure which, in my opinion, is the
deep reason of the strong uniqueness results described later on. At least, it is
an interesting intuitive way to understand “geometrically” the regularization
by noise.

The second section deals with finite dimensional SDE with additive noise.
Finally, in the last two sections, we generalize some of the ideas to a class of
SPDE with additive noise.

The results of the second section on SDE will also be used in Chap. 4 to
solve uniquely an SPDE by a method involving characteristics.

2.1 Regularization of Functions by Noise:
Occupation Measure

2.1.1 Examples

Example 2.1. Let (Wt)tzo be a d-dimensional Brownian motion, defined on

a filtered probability space (2, Fy, P). Let ¢ : R — R be a measurable
bounded function. Then

u(t,z) = Elp(z+ W), tZO’xERd

is smooth in z, for each ¢ > 0. This well known regularization fact can be
easily proved by the identity
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2
u(t,x) = (2mt) "/ /]Rd @ (x4 z) exp (—%) dz

2
= (27rt)7d/2 /]Rd v (y) exp (_—|y ;tm| ) dy.

Remark 2.1. Notice that, opposite to other cases developed later, no reg-
ularization occurs without the expected value, namely for the function
x— ¢ (x+ Wy (w)) at given (t,w).

This example is based on the smooth z-dependence of the image mea-
sure N (z,tI) (the d-dimensional Gaussian distribution with mean x and
covariance tI). We deal with the image measure (push forward) under the
map:

wex+ W (w)
Q— R?
P — N (x,tI)

and its dependence on the parameter x. It is a regularity property of the law
of Wy, for given t > 0.

The fact that z — w (¢, 2) is continuous (¢ > 0) when ¢ is only bounded
measurable is called Strong Feller property.

Problem. Is there some kind of smooth z-dependence of the following image
Measure fiy ;4w (w)

t—xz+ W (w)
[0, 7] — R4
Leb — KT, 24+ W (w)

at (almost every) given w € Q7 If yes, this is a regularity property of single
paths.

We call pip,4w(w) the occupation measure of the path z + W (w) up
to time 7. In general, given a measurable path 7 : [0,00) — R we call

occupation measure of the path v up to time T the measure ur,, on Borel
sets of R? defined as

T
iy ($) = /0 e(y)dt,  peCy(RY).

Remark. One way to capture a form of regularity of a Borel measure in R?
is to shift it and observe it by a non-smooth function; namely, if the measure
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is the image law of a map f : (X,B,A) — (R% B(R?)), we consider the
smoothness of the function

xH/ a)X(da), zeRY

under the observable ¢ : R — R . This is what is done in Example 2.1,
with (X,B,\) = (Q, F, P), and will be done again in the next examples,
with (X, B,A) = ([0,T],B([0,T]), Leb). If, at one extreme, the measure is
a delta Dirac, when we shift it, it moves continuously in the weak topology
(namely when observed by continuous functions), but not in the topology of
total variation (namely when observed by bounded Borel functions): when
the measure crosses a discontinuity, we observe a jump. On the opposite side,
if we shift a non degenerate Gaussian distribution, its motion is extremely
smooth even when observed by an L* function. Now, what happens to the
occupation measure of a curve? If the curve is smooth, we may expect a poor
level of regularity; this happens for sure when the curve has zero derivative
at some point: the occupation measure concentrates and such concentration
points detect discontinuities of L°° observables. See also Sect.2.1.5 for an
explanation of this point. When, on the contrary, the curve is like the path
of a Brownian motion, it is never at rest, its oscillations are very regular in a
sense, the measure spreads to some extent and thus we may hope that, when
we shift it, we do not see anymore discontinuities.

Unfortunately, this hope cannot be uniform in the L observable, as we
shall see. Indeed, given a Brownian trajectory, there are L° functions which
have discontinuity set which “meet” the support of that trajectory; when we
shift the Brownian trajectory and its support overlaps the discontinuity set,
we loose regularity. But this is very special. In a sense, the usual behavior is
very good.

Ezample 2.2. In dimension one, d = 1, pr 1w () is absolutely continuous
with respect to Lebesgue measure, with density given by (we also write
intermediate formal expressions to help the intuition)

, L

dpr dpr .
%T_ /J“T +W /5 M, +W( I)daI:ﬂT,y(éa)
T
:/ 5a(x+Wt)dt:|x+WT|—|x|—/ sign (x + Wy) dW;.
0 0

The random field L¢
[177].

is called the local time of x + W. See Revuz and Yor

t,x

Remark. In dimension d > 2, for a.e. w, the support of the curve z+W (w) has
zero Lebesgue measure, hence pir ;4w (o) is singular with respect to Lebesgue
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measure. Indeed,

E{/Rdlﬁw(y)dy}: [ P-ewyay -0

because points are polar.

However, the Hausdorff dimension of the support is 2. Thus the measure
W7o+ W (w) has some degree of spreading, which hints at regularity. When
we move z by continuity, the measure pi7 ;4w () cannot change so smoothly
as N (z,tI), but maybe it has some degree of smoothness. Let us try to
capture it.

Ezample 2.3. A.M. Davie [68] proved the following result. It is a sort of Lip-
schitz estimate for an L°°-function ¢, but composed with Brownian motion
and in the average.

Theorem 2.1. Assume ¢ € L* ([0,T] x RY). Then, for every p > 2 and
T7>0

p

T
E /(@(t7x+Wt)dt—<P(t7y+Wt))dt < (CTp)"* |l o |2 = yI”
0

for all z,y € R?.

Corollary 2.1. With the notations above, for ¢ € L*> (Rd), we have

E (lurasw (9) = pry+w (9] < (CTP)P? o]l poe 2 =yl

Apparently this is a result in the average, about the law of W;, but we
may apply Kolmogorov regularity criterion to get the following consequence.

Corollary 2.2. Given ¢ € L* (Rd) and T > 0, the random field

T
o it (0) = [ (@ W)
0
has an a-Hdélder continuous modification, for all a < 1.
2.1.2 Is x — praiww) Continuous in Total
Variation?

The result of Corollary 2.2 suggests that the map z — pr ;4w (w) could
be continuous in total variation or at least in a topology similar to total
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variation where measures are tested on Holder continuous functions instead
of L°°-ones. In expressive terms, the question is: for a.e. given w € 2, does the
family of measures { HT 2t W(w); T € Rd} have an analog of the Strong Feller
property of Example 2.17 The answer is negative. The modification provided
by Corollary 2.2 depends on . For every ¢ € L*> (]Rd)7 there exists a full
measure set 2, C Q such that for all w € Q,, the function  — pp 41w (w) (¢)
defined on rational points z € R? is uniformly continuous (in fact a-Holder
continuous for all @ < 1), and thus admits a unique uniformly continuous
extension to RY. But the set 2, depends on ¢: Nyer=(ra)§ly is negligible.

Proposition 2.1. There is no measurable set A C Q with P (A) > 0 such
that for all w € A and all ¢ € L (R?) the function © — pr4sw(w) ()
defined on rational points x € R? is uniformly continuous.

Proof. Let us prove it by contradiction. Let A be such a set. Being A of
positive measure, there exists wyp € A such that the support of W (wp) has
zero Lebesgue measure (we remarked above that it is true for a.e. w). Take
@ equal to 1 on the support of W (wo), zero elsewhere. Then pig ;4w (w,) ()
is equal to one for x = 0, but, denoting by g7 »1w(w,) () the uniformly
continuous extension to the whole R¢,

T T
[ e @do= [ [ o@sWydeit= [ [ o) dadt=0
R 0 R4 0 Ré

because the Lebesgue measure of the support of W (wp) is zero. Hence
I 24+ W (wo) (9) = 0 for all 2 € R? (recall it is uniformly continuous). Thus
we must have fip yw(wy) () = 0, which contradicts pip yw(wy) () = 1 found
above. The proof is complete. a

2.1.3 An Estimate for Holder Functions

For o € (0,1), denote by Cf (R?) the space of all continuous f : R? — R
such that

u(z) —u(y)l

le]l ga ¢y := sup |u (z)| + sup < 0.
Cb (T) IGRd zty |x_y|a

The proof given by Davie of his theorem is quite tricky. Let us give a rather
elementary proof of a simplified statement in the case p € C ([0, T);Cp (Rd)).
The drawback of this elementary proof is that we miss the constant of Davie
estimate but still it allows us to prove the analog of Corollary 2.2. The proof
is taken from Flandoli [97].
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Theorem 2.2. For every p € C ([O7 T];Cy (Rd)), consider the random field
X, (t,x) defined as

t
X, (t,x) ::/ @ (s,x+ W) ds.
0

For every p > 2, a,a’ € (0,1) & < a, there is a constant C = Cpr.a.a/,
independent of v, such that

B| s I, (t0) - X, @)l | < Cllelty oo
0<t<T

B | s [V, (00) = VX, ()] < Clelly bo =™
0<t<T

(VX, (t,x) is the gradient in the space variable, computed at (t,x)). Hence
there is a continuous version of the field X, (t,x), such that VX, (t,z) is of

class C ([O,T] 0 (Rd)> for all & < a.

Proof. Consider the backward heat equation

ou 1
o Talu=—¢on [0.7],  u(T.x)=0.

It has a solution of class C ([O,T];C’g’“, (]Rd)) not ([O,T];C{j‘, (]Rd)) and
the solution in these topologies is bounded by a constant times ||| o (see
Theorem 2.3 below). By It formula

du(t,x + W) = —p (t,x + Wi) + Vu (t,z + Wy) - dW;

hence
t
X, (tx)=u0,z) —u(t,z+ W)+ / Vu (s, + Ws) - dWs. (2.1)
0
We get

E| sup |X, (t,z) — X, (t7y)|p}
0<t<T

T

< Cy @l | — yI” + CorE [ | 19w+ W) = Vg W ds
0

< O r el lo — yl?

because even the second derivative of u is uniformly bounded by a constant
times ||<p||cg This proves the first inequality.
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Applying classical arguments (see for instance Kunita [143]) we may
differentiate (2.1) and get (denote by 0; the derivative in z, in the direction ¢)

t
0; X, (t,x) = 0;u(0,2) — Osu (t,x + W) + / Vou (s,x + W) - dW
0

which implies, by the uniform boundedness of D?u and its uniform
a-Holderianity,

E [ sup 10,X, (b o) — 0,X, (& yﬂ
0<t<T

< Cyllgly lo — " + CorE
T
X / [VOiu (s, 2+ Ws) — Vou (s,y + W,)||” ds
0
< Gyl [ =yl + Cpr || D?ul| g |z — 1P
The proof of Theorem 2.2 is complete, with the last claim following by Kol-

mogorov regularity theorem. a

We have used the following simple and classical result (some of the claims
will be used only in the next section). The best classical result (see Krylov
[136]) includes uniqueness and maximal regularity:

we € (0,7);6 (RY)) N € ([0,7]; Cy (R7))
but we do not need them. let us denote by ||90||Cg(T) the norm in C([0,T7];
Cg(RY)).

Theorem 2.3. For all ¢ € C ([0,T];C (RY)) there exists at least one
solution u to the heat equation

ou 1
O tAute =0

of class

ueC ([07T] Norad (Rd)) nct ([O,T] ol (Rd))
for all & € (0, @) with

HDzuHcg’(T) < Cu ||90||03(T) (2.2)

and
190l () < C () ellopry with Jim C(T)=0.  (23)
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Proof. Let us give a probabilistic proof of the most difficult estimates. Let
(W4) ;> be a d-dimensional Brownian motion, defined on a filtered probability

space (2, Fy, P). Consider the function
t
u (t,x) z/ Elp(s,z+Wi_s)]ds, t>0,z R
0

We have the identity

Elp(s,z+ W) = (21 (t — 5)) Rdcp(S,x+z)exp 50 —3) dz

=@rt=9)" [ (e (—%) dy

which allows us to differentiate E [¢ (s, 2 + W;—s)] in the z-variable, for all
r € R? and t — s > 0, arbitrarily many times. By easy computations, we get

DE[p (5,2 + Wi-y)]| = — =B (8,2 + Wiey) Wiy]
D2Blp (o0 + Wis)) = L Blp(sat Wiid) (Wioe®Wi_a — (t—5) 1)

t—s)

where 1, is the identity matrix in R%. Since
E [Wt—s & Wt—s] = (t - 3) Id
we can rewrite

D?E [p (5,2 + W;_,)]

= G —13)2E (@ (s, 4+Wis) —@(s,2) (Wi—s @ Wy — (t — 5) I3)] .

Therefore

ID*E [p (s, 2 + Wi )| 5 Illop B [IWemsl® (IWimsf* + 1t = 5])]

1
S R
|t — s|
1 1 1+a/2
< — «at —= ~Ct—
< g Welles + = el C e =
Clivlley

- |t_ S|170(/2
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(24a)/4
since E {|Wt_s|2+“} < E [|Wt_s|4] < Ot —s/***/%. This implies
that .
[ ID*E o sy Wl ds < C gl 2072
0

The Holder continuity of D?u can be proved, from the identity for
D?E ¢ (s, + W,;_,)], by applying to & — ¢ (s,x) the following inequality
(left as a simple exercise): if g is an a-Holder continuous function, then

lg(@+2)—g(x)—(gly+2) —gW) < Clz—y|* |z

for all € € [0, o).
We leave the rest of the proof to the reader; the function u is a solution.
O

Remark 2.2. A number of important constants in the above proof depend
|?| = d-t. Below we shall
treat an infinite dimensional generalization, where one of the fundamental
properties is the independence of the estimates from the dimension. We need

a drift term of the form (Ax, Du (¢, x)) with suitable operator A to reach such
a result.

on the dimension d, for instance because F [|Wt

2.1.4 An Estimate for LP Functions

Our main aim is to prove uniqueness and flow properties for the SDE (2.7)
with non-regular coefficients. We shall give the details in the case of Holder
continuous drift, but some results hold true also in the case of LP-drift. How-
ever, instead of reporting all the details about the SDE with LP-drift (the
interest reader may see Fedrizzi [88], Fedrizzi and Flandoli [89,90]), we just
give the proof of part of theorem 2.2 under LP-regularity, proof which is simi-
lar to the proof of uniqueness for the SDE but easier and shorter (for instance
we save some detail about Kolmogorov equations with LP-coefficients) see
Flandoli [97].

When ¢ € L™ ([0, T] x Rd) we do not have any more a maximal regularity
result for the heat equation and in particular we cannot say that D2u is
uniformly bounded. We do not have a short proof in the case, essentially
different from the one given by Davie as the one above in the Holder case.

When

d 2
¢ e L1(0,T;LP (Rd)) for some p,q € (1,00) with — + - <1
p q
we have again a moderately simple proof (this case, somewhat more general

than L ([0,7] x R?), in fact does not contain it, and the difficulties in the
L case are a little bit deep compared to the other cases described here).
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The space L4 (O7 T;LP (Rd)) is made of all functions f such that the following
norm is bounded:

T a/p Va
1 fllzg = </0 (/}Rd |f(r,y)|? dy) dr) < 0.

Theorem 2.4. For every r > 2, p,q € (2,00) such that % + % < 1, there is
a constant Cy.1.p.q such that for all ¢ € L (0,T; L? (R?)) we have

T

/0<¢<s,x+wg>—sa<s,y+ws>>ds

< Critna Il I — "

E | sup
0<t<T

for every z,y € R%. As a consequence, the random field X, (t,z) introduce
above has a continuous version, of class C ([O7 T];C* (Rd)) for all a < 1.

In this case there exists a unique solution u of the heat equation above in
the class

w € Hy, (T) = L* (0, T; WP (RY)) n W (0,5 L7 (RY))

Moreover
Vu e L= ([0,T] x RY).

The solution in all these topologies depends continuously on ||¢|| 1y~ These
analytic results require more technical work than the Holder continuous case
treated above, so we do not give the proofs. See Krylov [137] and the appendix
by Krylov and Rockner [138]. The latter property is the main reason for the
regularity asked on . It6 formula extends to functions of class Hy , (T') (see
Krylov and Rockner [138, Theorem 3.7]), so we have

¢ t
/@(s,x—&-Wg)ds:u(O,x)—u(t,x+Wt)—|—/Vu(s,x—&—VVs)-dVVs
0 0

where the stochastic integral is well defined by the boundedness of Vu. When
we try to estimate the difference of these expressions between two points
x and y, the first two terms are controlled easily since « is uniformly Lipschitz
continuous. Hence, by Burkholder-Davis—Gundy inequality, we have

'”1

T r/2
x E (/ IIVu(s,a:+Ws)—Vu(s7y+Ws)||2ds>
0

E | sup

0<t<T

< Cr gl I — ol + Crr

/0<¢<s,x+wg>—w<s,y+ws>>ds
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But the last term is more difficult than in the Holder case. We have

1
O (s,x + W) — Ou(s,y + W) = / Voiu (s, 2% 4+ W;s)da - |z —y|
0

2% =az+(1—a)y.

Hence
T s
B[ (olso+ W =g+ W)ds
0
T , r/2
< Crr | el + s?opl]E (/ | Du (s, 2 + Wy)|| ds> lz —y|"
ae|0, 0

Therefore the proof will be complete by proving the following lemma. Similar
results are pointed out by Krylov and Rockner [138]. We give a proof for
completeness.

Lemma 2.1. For every r > 2 and p,q € (2,00) such that % + % < 1, there
is a constant Cy 1 p 4 sSuch that

T r/2
B ( |7 <s,x+ws>ds> < Crirpa 515
0

for every f € L4 (07T; Lr (Rd)) and x € R?.

Proof. Step 1. We first notice that

sup E

L[0T reRd < Crpyg ”fH%Z(T)'
€|0,T],zeR*

T—t
/ f2(s+t,x+Ws)ds
0

Indeed, let 8 and v be such that % + % =1, -+ % = 1; since

2=

—Bly|?

/ (27rs)_ﬁd/2 e 2 dy = Cs(-P)d/2
Rd

q2A=B)d+28 _ | _d_ 2

(we denote by C' a generic constant) an TR 5 — 3 we have

T—¢
El/o f2(5+t,$+W9)dS]

T—t 2/p d/2  —Blul? 1/B
< / ( fP(s+t,y) dy> (/ (27rs)7ﬁ /2 o7 dy> ds
0 Rd Rd
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T 1/
2 1-B)d/2 2 1_d_2
< Clfl1Zgery ( / et Bds) = Ol g T

Step 2. Then we recall the following result due to Khas’minskii [131]: if
g : R? — R be a positive Borel function such that

T—t
a:= sup FE / g(s +t, x4+ Ws)ds| < 1. (2.4)
te[0,T],zeR 0

Then
1

1—a

sup F |:efoT 9(s’w+ws)ds} <
z€R4

With this result and the estimate of step one we can prove

sup E [e-roTlf(‘g’z+W'“) |2ds} < 00
rERd

which is more than the claim of the theorem. Since f € L{(T) with p, ¢
satisfying % + % < 1, and this is a strict inequality, there exists § > 0 such
that |f|1+5/2 € Lf; (T) with new p’, ¢’ satisfying 1% + 2 < 1. Then the

q/
|f|1+5/2

inequality of step 1 holds for in place of f. Choose € > 0 such that

sup F
TERY

T
/ 5f2+6(s,x—|—VVs)d8] < 1.
0

Then, by Khas’minskii result,

sup F [e.fOT ef2+5(8,z+Ws)ds:| < 0.
r€R4

From Young inequality, there exists a constant C.s > 0 such that f? <
ef2to 4 Ce 5. Then

sup F [e.fOT f2(s,:1:+Ws)ds} < sup E |:e-{0T 5f2+5(s,:13+W5)ds:| eCe6 < 0.
zeR? zERE

The proof is complete. a
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Fig. 2.1 Occupation
measures of constant and X. -y
Brownian curves

+1 -1

2.1.5 Summary on Occupation Measure

Let us summarize the previous achievements in terms of the occupation mea-
sure. It is only a reformulation, but it has a stronger intuitive impact if we
figure out the “shape” of this measure. The analytical forms given above of
the statements are more abstract, in a sense.

Figure 2.1 illustrates what we also said in Remark 2.1.1. Let us describe
it. The picture on the left describes a function ¢ : R? — R, which is equal
to +1 on the left of the vertical line, and —1 on the right (we just draw the
vertical line and the two values). Then we have shown two points, z and y,
close to each other. Think that we have a delta Dirac unitary mass p, at z,
or py at y. Then

pa () =1, py(p) = -1

Close points z,y give rise to very different values. On the right of the same
figure there is the picture of what could be the occupation measure fi, 1w (.
at x, and p, 4w, at y, same trajectory W (w) (we omit the time 7). We
intuitively see that

Pt w (w) () and  fiyiw(w) ()

are close to each other, since the amount of +1 and —1 moved from one case
to the other is relatively small.

After this intuitive explanation, which hopefully motivates the insistence
here to reformulate results in terms of occupation measure, let us introduce
the augmented occupation measure of a continuous curve v : [0, 00) — R? up
to time T the finite Borel measure fir~ on [0,00) x R? defined as

o T
fira (@)= [ [ i, = [ esads Ve ey (0.00) xRY).

This extended concepts helps to generalize our statements. The relation with
occupation measure is simply
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pr~ (0) = fir (9) Vo € Cp (Rd)

so, when the test function ¢ does not depend on time, it is the same concept.

Theorem 2.5. For every r > 2, a € (0,1) there is a constant Cy 1 such

that for all ¢ € C ([0,T];C2 (RY)) we have

B| sup s (9) = Ty (O | < o el o = o
0<t<T

B | s 10w (9) = B () | < Coallolig o =51
0<t<T
In particular, given ¢ € C ([O,T];Cl? (Rd)), there is a continuous version
(depending of @) of the random field
(ta (E) = ﬁt,x+W(w) ((P)
this version is of class C ([O,T] colte’ (Rd)) for all & < a.

Theorem 2.6. Assume

€ L(0,T;LP (]Rd)) for some p,q € (1,00) with g + g <1

For everyr > 2, p,q € (1,00) such that %—F% < 1, there is a constant Cy 1 p 4
such that for all ¢ € L4 (0, T;LP (Rd)) we have

E | sup |firerw () = firy+w (@) ds|"| < Crrpq ||<P||TLZ |z =yl
0<t<T

for every x,y € R, As a consequence, the random field (t,x) fot, 4w (w) ()
has a continuous version, of class C ([O,T] ;CY (Rd)) for all a < 1.

Ezxample 2.4. Let us see another deterministic example, less extreme than
the delta Dirac masses p, and p, above. Take any smooth curve v in the
plane with 7/ () # 0 at some value ¢y of the parameter. By a rotation, a
dilation and a re-parametrization, assume 4’ (0) = (1,0). This is a generic
condition. Assume it is locally of the form

v (t) = (t,at?)

with @ > 0 (similarly for a < 0; a # 0 is again a generic condition). Take ¢
equal to 1 in the half-plane (z1, z2) with z2 < 0, equal to zero in the half-plane
xz > 0. Shift v by vectors of the form x = (0, —¢). Then 7, (0,0)+~ (@) = 0,
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13
BT, (0,—e) 4~ (P) = 2\/;-

We see that pr a1+ (@) — tr,y+v () is of the order /|z — y| for such points
x = (0,—¢), y = (0,0) and test function . Thus the degree of smoothness of

the map & — pi7,04~ (¢) is less than in the Brownian motion case.

2.2 Regularization of SDE by Additive Noise

2.2.1 Main Result
We have seen in Chap. 1 (Example 1.1) that ODEs in R? of the form

X
%:b(t,Xt), Xo =z € R? (2.5)

where b : [0, 7] x R? — R? is of class
beC(0,T);Cy (RY)) (2.6)

for some « € (0, 1), may lack uniqueness. And on the contrary, by Girsanov
type arguments, the SDE

t
Xt:x—|—/ b(s,Xs)ds+ Wy (2.7)
0

has uniqueness in law (this extremely interesting but classical fact can be
found in many books, like [129,151,177] and thus it is not discussed here in
detail). We want to understand better this regularization phenomenon here,
by means of the regularity properties of occupation measure. The result will
be also an improvement of the uniqueness in law given by Girsanov: we get
strong uniqueness and existence of a stochastic flow.

All the results reported in this Chapter are written here for simplicity
in the case of additive noise. However, conceptually, the key assumption is
the non-degeneracy of the noise (the degenerate case is essentially open).
Since our results depend on regularity theory of parabolic equations, the key
question is under which assumptions of regularity of the diffusion coefficients,
assumed non degenerate, we keep the same results. There are investigations
in this direction, but we do not report them here.

The idea is very simple: the difficult term fot b (s, Xs)ds is equal to fit, x ().
If we can prove an inequality similar to those of the previous section for the
occupation measure, with x+W and y+ W (there) replaced by two solutions
XM and X® (here), we should get a Lipschitz property of the integral
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fot b (s, Xs) ds in the argument X, which will lead us to prove uniqueness. Let
us state the result on the occupation measure, proved in the next section.

Remark 2.3. In the next two theorems we compute moments of solutions
to (2.7). If the initial condition Xy is deterministic, or also if it is an
Fy-measurable r.v. with E [|Xo|"] < oo, r > 2, then E [Supte[O,T] |Xt|T} < 0.
This can be proved by a stopping time argument and Doob theorem.
Theorem 2.7. For every r > 2, a € (0,1), given ¢ € C ([O,T];C{j‘ (Rd)),
there are constants Cr.r.o and C3., , depending on ||90||Cg(T) such that we
have the following properties:
(i) for every pair of solutions XV, i = 1,2, of (2.7) with initial conditions
29 which are Fy-measurable r.v. with E Um(i)m < 00, solutions defined

on the same filtered probability space (0, Fy, P), we have
E { sup |fig xn (0) = fig x@ (@)ﬂ
0<t<T

< Crrab o) =[] + €8, 0B | sup [x - x|
0<t<T

T T
+CrraB / ‘XS)—XS@‘ ds
0

(i) limp_q C’%ma =0.
The proof will be given in the next subsection. The theorem states that

processes close to each other in the usual topology F [”'”TCO(O,T)} have occu-

pation measures which are closer to each other for small T', in a sort of average
total variation topology (in fact weaker also because of Cp (Rd) instead of
L> (R%)). The processes must be solutions of an SDE with additive noise
(presumably generalizable to non-degenerate noise). If they are solutions of
SDEs with different drifts, there will be an additional term related to the
closedness of the drift, which here is absent.

Remark 2.4. Property (ii) of the previous theorem is not true for smooth
paths, solutions of the same equation. Take two solutions X®, i = 1,2, of

(@) . .
the ODE % =0 (XE”), Xél) = z. It is not true that

1 2
Jir.x0 (0) = x> (9] < Crllgllog oy sup [ X — x|

with lim Cp = 0.
T—0

Indeed, if b (x) = 2sign (x) v/|z| we can take Xt(l) =12, Xt(z) =12 p(z) =
sign (z) |x|”, and get
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T
/ t2dt
0

sup ’Xt(l) — Xt(z)’ =72
0<t<T

T2a+1
20+ 1

’;U'T,X(U () — KT, x(2) (SD)’ =2

For instance, in the most relevant case when ¢ = b, we have o = % and

thus Cr = QQIT We do not have limp_oCr = 0, absolutely essential for

the uniqueness. If we could take ¢ () = sign (z) (as in the figure above) the
effect would be even more clear.
The consequence of Theorem 2.7 is uniqueness for the SDE.

Corollary 2.3. Strong uniqueness holds for (2.7). Moreover, if X* denotes
the solution with initial condition x, then

B [ sup [finx= () — fiv.xo (M <Cle—yl
0<t<T

E [ sup |X7 - Xzﬂ <Crle—yl".
0<t<T

It follows that the two random fields
(t7 JT) = ﬁt7Xm (Qp) 5 (t7 JT) = th

have continuous modifications, a-Hdélder for every a < 1.

Proof. Take two solutions X (), i = 1,2, of (2.7) with initial conditions z(¥,
defined on the same filtered probability space (€2, F;, P). From (2.7) and the
theorem we have, for T' small enough,

E[ sup ’Xt(l) —Xt(z)’ }
0<t<T

<C ‘33(1) - 33(2)‘ +CE [ sup ’ﬁt,X(l) (b) = Ay x (b)ﬂ
0<t<T

<C ‘x(l) —z®

r ]_ r
+ -F [ sup ‘Xt(l) - Xt(z)‘ }
2 |o<i<T

T s
/ ’X§1>—X§2>’ ds]
0

where we have denote generically with C' a constant depending on r, T', «,
but not on the solutions. This implies

+CE

E[ sup ‘Xtm —X{")‘T} < C‘xu) _x<z>’T
0<t<T
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if T is small enough. Using this inequality inside the previous theorem, we
prove the estimate on the difference of occupation measures. The size of T
does not depend on the solution, so the argument can be iterated on succes-
sive intervals (using random non-anticipative initial conditions). The proof is
complete. a

This approach to SDEs is taken from Flandoli et al. [100], where it is
developed via a transformation, more in the spirit of Zvonkin [201] (here, on
the contrary, we insist on the underlying concept of occupation measure).
In dimension d = 1, an idea which is somewhat similar was developed by
Flandoli and Russo [108]. Let us also mention that in d = 1 the understanding
of influence of noise on uniqueness and singularities is very advanced, see
Cherny and Engelbert [49].

2.2.2 Proof of Theorem 2.7

Using Theorem 2.3 on the heat equation we may prove a similar result for
the Kolmogorov equation. Again we do not give the maximal regularity and
the uniqueness, that can be found in the book of Krylov [136].

Theorem 2.8. For all ¢ € C ([0,T];Cy* (RY)) there ewists at least one
solution u to the backward Kolmogorov equation

1
%+b-Vu+§Au:—<p on [0,T7], u(T,r) =0 (2.8)

of class

ueC ([O,T] ;op (Rd)) nct ([O,T] o (Rd))

for all & € (0, @) with
2
||D UHC?,(T) < 004' ||<)O||C?(T)

and

||Vu||cg(T) <c (D) ||<P||03(T) with %LHl()C(T) =0.

Proof. (An alternative elegant proof can be done by the method of conti-
nuity). Consider a usual Picard type iteration scheme for the Kolmogorov
equation, based on the heat equation: u(®) = 0 and, for n > 0,

au(n+1)
ot

1
+ §Au(”+1) =—@b-V)u™ —gpon [0,T], u ] = 0.
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By Theorem 2.3, at each iteration step we have a solution

Wt e ¢ (0,11;¢3 (RY)) nC* (10,715 G5 (RY))
for every o/ < «a ; notice that, when u(™ has such regularity, then (b-V) u(™)

is C ([0,T];C¢ (R)), so we may continue the iteration. By Theorem 2.3 we
precisely have

[p2e)| < cu||6-9rum +4
g’ (1) cp(r)
v <”+1>‘ <C(T H b V) u™ ‘ ith lim C (T) = 0.
H v ce(T) ( ) ( )u T c(T) wi Tlino ( )
But

H (b-V) u™ + tp‘

(n)
e ry < Illcp ) + 2Bl oy [ V)|

<llelligery + 210l oo () € (T) (b V)ul" Y 4 elice (r)-

Cp(T)

Choose T such that 2 ||b||C?(T) C(T) < 1/2 and set v™ = (b- V) u™ + ¢.
We have

1

() < N _H (n—l)‘

HU cg(T)_H@HCb(T)+2 Y oo (T)
co<(i+ii 42 lloll . “”‘
=S o T et ) Wlep ) T on |V ey

hence
(n)
HU G () <2|ellear) -
This proves
e
oyl —

<n+1>H <20(T . ith lim C (T) = 0.
HVu ooy S ( )||<P||cb (r) With (T)

By Ascoli-Arzela theorem, one can extract a subsequence which converges
uniformly in (¢,x) to some u with its first and second space derivatives; and

by definition of C}' spaces, one can check that v has the same regularity and

bounds as u(™), except for the estimate on 815(?. We can pass to the limit in

By the equation itself,
6u(n+1)

<C.
ot ¢

ce'(T)




36 2 Regularization by Additive Noise

the identity

T
1
OSSR (t,z) = / ((b V) u™ 4 5Au(n+1) + go) ds
t

and get the same equation with u in place of u("t1) and «(™, which implies
% eC ([07 T); 08 (Rd)) and the fact that u is a solution of (2.8). The proof

is complete. a

Consider now the vector valued analog of (2.8):

8(;]: +b-VUs + - AU@ —® on [0,77], Us (T,x) =0 (2.9)

where ® : [0, 7] x R? — R has components ®;, € C ([0,T]; C¢ (R?)). Let us
use similar notations for the spaces of vector fields, so we simply write ¢ €
C ([0,T]; Cyr (R4, R?)). The solution Ug : [0, T] x ]Rd — R? of this decoupled

system has the properties described in the last theorem. By It6 formula, as
described above, we get an interesting occupation measure identity.

Corollary 2.4. Let X be a solution of (2.7). Then, for every ® €
C ([O,T] ; CF (Rd,Rd)), we have

fit,x (®) = Us (0,2) — Us (t, X) + /0 VUs (5, Xs) - dW, (2.10)

From identity (2.10) we see that ®-observation of the (augmented) occu-
pation measure fi; x involves terms which are more regular than the initial
one, because Ug and VUgs are more regular than ®.

We can now prove the theorem. From (2.10) we have (by Young inequality)

E L)EUP ‘Nt xm (®) — ﬁt,X(Z) ((I))‘T}

<CE { sup ’U¢> (O,x(l)) —Us (Om(z))

0<t<T

L CE [ sup ’U¢ (t,Xt(l)) —Us (t,X§2>) ”

0<t<T
/Ot VUs (S,Xs(l)) AW, — /Ot VUs (s7X‘§2)) -dW, 1 .

The first term is bounded by C,.C (T) E “x z? H , by the gradient esti-

mate of Theorem 2.8, where limp_,o C (T') = 0 (but we do not use this fact
here). Similarly, the second term is bounded by

+ C.E | sup

0<t<T
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C.C(TE { sup ‘Xt(l) - Xt(z)‘r}
0<t<T

(here the property limp_,g C (T') = 0 is very important). Again similarly, by
Burkholder-Davis—Gundy inequality, the last term is bounded by

r/2

C.E /OT HVU<I> (5 X0) = VU, (5,X2) szs

T s
<C.E / ’X‘gl) —X(§2)’ ds
0

Summarizing, we have proved

E { sup |fig x ) (®) = iy x @ (‘I’)d
0<t<T

<C.E Hx(l) pe)

T} +C,C(TE { sup ‘Xt(l) - XISQ)‘T}
0<t<T

T s
Y CE / ]Xgl) —X§2>’ ds
0

with limp_,o C (T') = 0. The proof is complete.

2.2.3 Stochastic Flow of Diffeomorphisms

Corollary 2.3 gives us uniqueness for the SDE but also the existence of a map
ot () = @1 (z,w), measurable in all arguments, continuous in (¢,z) for a.e.
w, even a-Holder continuous in z for every a € (0, 1), such that ¢; () = X7
a.s., for every given (¢, z). Working on the generic time interval [s, T| instead
of [0, 7], one can define a similar map ¢, ; (x). Using pathwise uniqueness, it
is easy to check that

Prt ((Ps,r ((E, w) ,(.U) = Ps,t ((E, w)

a.s., for every given z and s < r < t; moreover, ;s (£) = z, a.s., hence
st () is a sort of stochastic semi-flow.

Under the same assumptions of the Corollary, one can prove more, namely
that o (x) is a stochastic flow of diffeomorphisms, namely ¢, is a diffeomor-
phism of R? for every ¢ € [0, T]. All the details can be found in Flandoli et al.
[100] and Fedrizzi [88]. Let us explain just a few elements.

A simple idea behind the homeomorphism property is that one can intro-
duce the backward equation associated to the forward one, which is very
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similar (additive noise and drift —b), prove strong well posedness, the exis-
tence of an Holder modification in the initial (or better final) conditions,
and prove that the forward and backward maps, composed, are equal to the
identity. Unfortunately, the rigorous realization of this natural idea contains
a major technical difficulty, the fact that the inverse flow is measurable with
respect to the future. Following Kunita [143], there is a rigorous but very
long way to circumvent such difficulty. It is too long for these lectures, so
we ask the reader to accept the result, thanks to the intuition given by this
simple idea. A full proof following a slightly different route can be found in
Flandoli et al. [100].
Let us give some details about the differentiability of the flow.

Proposition 2.2. Under assumption (2.6), P-a.s. the map x — @ (x) is
differentiable for every t € [0,T], and (t,z) — Dy, () is continuous (v +—
Dy () is also o -Holder continuous, every o < ).

Proof. Let Uy be the solution of (2.9) with ® = b. We have (see the beginning
of Sect. 2.7)

t
X =24+Uy(0,2) — Up (¢, X)) +/ [I4+ VU (s, X)) - dWg
0
where U and VU, are differentiable. Consider the linear equation in &7
t
& =I+VU, (0,2) — VU, (t, X7) - & +/ DU, (s, X¥) &7 - AW,
0

(it will be the variational equation of the previous one). It has a unique
solution (we omit the details) and for every g > 2

E | sup [&7

rel0,t]

<Cy+ G, |IVU|L E

re

sup Ifflq]
0,4
t
+C, [ DTl Bl ds
0

which implies, for 7" small enough (Cy [|[VU, ||, can be made arbitrarily small,
and then apply Gronwall lemma),

El sup |&x|? <Cy

rel0,T]

(uniformly in z). We have been slightly informal, since in order to apply
Gronwall lemma one needs to know in advance that the g-moment is finite.
This can be proved by stopping times and Doob inequality.
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Moreover, from the equation for &, we have

E | sup |&F —¢&Y”

r€(0,t]

<Glr =yl + G IVU|S E [ sup ¢ —fflp]

r€(0,t]

Lo, Dl B [ wp €1 X7 —Xﬂp]
r€(0,t]

t
+G, [ DT Bl - 21 ds
0
t
+Cp,a//0 1D, [ oy B [IELIP 1XE = X217 ] ds

We can make C, |VU, ||, < 1/2 by proper choice of T'. Moreover, by Holder
inequality,

1/2

E | sup [e2f X3 — XY E

re(0,t]

<E | sup [¢]*

rel0,t]

1/2
sup | X7 — XV
re(0,t]

x \1/2 1/2
< (C3,) 7 (Cop) P |z —yl?
by the previous estimate and the bound of Corollary 2.3. Similarly
2 x o % \1/2 o
B (e X2 = x2] < (C5,)"* (Capa) 2 — g7

Summarizing, by Gronwall lemma,

E

sup ¢ — fi’d <Gyl —yl" +Cp oz —yl™ .
rel0,t]

By the arbitrarity of p > 2 and o’ € (0, &) and Kolmogorov regularity theo-
rem, we deduce that there exists a modification of £ which is continuous in
(t,x), o’-Holder continuous in z for every o € (0, @).

By means of classical but lengthy arguments one can prove that the map
z — X7, from R? to L? (Q;R?) is differentiable and the (space) derivative
D, X, satisfies the linear equation above. The proof of the proposition is then
easily completed. a

A detailed proof by a slightly different approach is given by Fedrizzi [88].
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2.3 Infinite Dimensional Equations with Additive Noise

2.3.1 Introduction

The aim of this section is to prove uniqueness for (loosely speaking) “reaction-
diffusion” parabolic equations of the form described in Example 1.5 of
Chap. 1.

We present two results. The first one is a classical result of uniqueness
in law. It is based on the existence of a solution to backward Kolmogorov
equation, with a suitable gradient estimate. The drift is Holder continuous.
The exposition is inspired by Gatarek and Goldys [115] and Zambotti [198];
the general technique follows for instance the ideas of the book of Stroock
and Varadhan [191].

The second one is pathwise uniqueness, under similar assumptions on the
drift. Tt is also based on backward Kolmogorov equation (non homogeneous),
but a much stronger estimate on second order derivatives is needed. The
strategy of proof is the same used in the previous section: a reformulation of
the SDE where the drift part is regularized by an It6—Tanaka approach. We
do not make explicit use of the concept of occupation measure, but the proof
is essentially the same as above.

In finite dimensions, with non degenerate additive noise, pathwise unique-
ness holds under LY (07T; Lp (Rd)) conditions on b, with ]‘—i =+ % < 1 and in
L, see Krylov, M. Rockner [138], Veretennikov [193], related to Zvonkin
approach [201]; see also Zhang [199, 200]; uniqueness in law holds even for
certain distributional drifts, see Bass and Chen [30] and references therein.
In infinite dimensions, at our present level of understanding, the difference
between weak and strong uniqueness is made more by the assumptions on the
noise than on the drift, precisely by the assumptions on the pair (A, Q) (see
below). Pathwise uniqueness, opposite to uniqueness in law, requires a cylin-
drical (space-time) noise, or very close to it. The consequence on examples is
very strong: for second order parabolic equations similar to Example 1.5 of
Chap. 1 (square root nonlinearities), we have uniqueness in law up to space
dimension d = 3, but pathwise uniqueness only for d = 1.

Pathwise uniqueness for one-dimensional second order parabolic equations
with space-time noise can be proved also by other less abstract methods,
see Gyongy and Pardoux [124], Bally et al. [18], Gyongy [121], Gyongy and
Nualart [123], Alabert and Gyongy [6], Gyongy and Martinez [122]. The
operator B in these works is mostly of the form

B (t, X1) (§) = b(t, X¢ (€))

namely pointwise functions of the solution. They may include derivatives in &
of X but only in a locally Lipschitz way. For this kind of operators, the results
of these papers are extremely general, much more than Holder continuous as
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in this section. The techniques are completely different, based on various
tools depending on the paper, like Malliavin calculus, comparison principle
and also occupation measure, used for different purposes with respect to what
is done here.

Uniqueness in law by means of a analytic approaches to Kolmogorov and
Fokker—Planck equations are perhaps the most promising direction to cover
more and more examples. The two usual strategies are to prove uniqueness
for the Fokker—Planck equation or existence of sufficiently regular solutions to
the backward Kolmogorov equation. A part from the simple result reported
here, a considerable amount of work has been done recently on Kolmogorov
and Fokker—Planck equations and their applications to uniqueness; let us
quote three books and a few papers among many others: Cerrai [46], Da
Prato and Zabczyk [67], Da Prato [59], Cerrai [45], Flandoli and Gozzi [99],
Priola and Zambotti [175], Barbu et al. [25,26], Réckner and Sobol [178,179],
Da Prato and Debussche [62], Stannat [190], Barbu al. [27], Barbu et al.
[28], Ambrosio et al. [10], Manca [154], Bogachev et al. [36-38]. Kolmogorov
equation applies also to other problems, like control theory and averaging; a
full list is not appropriate here, let us mention only Gozzi et al. [118,119],
Fuhrman and Tessitore [112,113], Cerrai and Freidlin [47]. We hope there
will be progresses in this direction. As we shall mention again in Sect. 5.4,
Kolmogorov equation has been solved even for 3D stochastic Navier—Stokes
equations in the outstanding work of Da Prato and Debussche [61]. However,
the regularity of solutions does not allow to apply arguments similar to those
written below, and weak uniqueness of the SDE is still open.

A last remark concerns Girsanov approach, the most straightforward way
to prove uniqueness in law in finite dimensions. In Hilbert spaces the hope of
this approach is to relate the nonlinear equation

dX, = AXydt + B (t, X;) dt +/QdW,,  Xo==
to the linear one
A%, = AZdt +\/QdW,,  Zo ==

by a change of measure. If W is a cylindrical Wiener process on a filtered
probability space (9, Fi, P), @ is injective and

P (/OT‘QW’B (5, X,)

consider the local martingale

2
ds<oo> =1 (2.11)
H

pu = exp (/0 (Q 2B (s.X.) W) - %/0 Q2B (s, X.)

2
ds) .
H
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If p; is a martingale, then
. t
W, =W, —/ Q™ Y?B (s, X,)ds
0

is a (Q, F;, ﬁ)—cylindrical Wiener process, where, on each space (€, F}), Pis
defined as g_lii’ﬂ = p;. With this strategy and some further arguments (see

Sect. 3.4.5 for an example), one can transfer the problem of uniqueness in
law for the nonlinear equation to the same problem for the linear equation,
where it is essentially obvious. This approach has been developed very well
by a number of authors, see in particular Kozlov [135], Goldys and Maslowski
[116], Ferrario [92]. A Novikov condition is usually required to prove that p;
is a martingale, but following ideas from Liptser and Shiryaev [151], in some
cases one can avoid them and ask only condition (2.11) for any solution of
the nonlinear equation, see Allouba [7], Ferrario [93].

However, the assumptions needed to apply Girsanov strategy in infinite
dimensions are quite demanding. Unless one imposes artificial regularity
assumptions on the range of B, it is necessary to assume @) invertible, see con-
dition (2.11). But then in applications, being v/QdW; cylindrical, if A is the
Laplacian, only space-dimension 1 is allowed, see Example 2.6 below. In this
sense, Girsanov approach is not essentially more general than the one used
below to prove pathwise uniqueness (in terms of noise and space-dimension),
and gives us less. On the other hand, it allows us to treat L° operators B
without pain, a fact which is much more difficult with Kolmogorov equa-
tion (strong uniqueness for B of class L has been proved by Veretennikov
[193] in the finite dimensional case, and by Gyongy [121] and related works,
under various sets of conditions, for 1D parabolic SPDEs with space-time
white noise).

In principle it is possible to relax invertibility of @ in Girsanov approach:
even if @) is not invertible and the range of B is not regular, the function
Q_l/ B (s, Xs) could be well defined because of additional regularity of Xj
and some “transfer of regularity” property of B. But we need X more regular
in space, and this requires () more regular; and more regular () makes more
difficult to check that Q2B (s, X,) is well defined. At the end of the story,
some improvement on the assumption that @ is invertible may be possible,
but it looks small.

2.3.2 Infinite Dimensional Set-Up

We denote by H a separable Hilbert space with inner product (.,.), and
norm |.| ;. Let {e, }, oy be a complete orthonormal system in H and write z =
o Tnen, Tn = (2, €n) . Let {An}, o be a (weakly) increasing sequence of
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strictly positive real numbers diverging to infinity and let A be the negative
self-adjoint operator with compact resolvent

A:D(A):H—H

defined as
D(A) = {er:Z/\ixi <oo}
n=1

Az = —Z/\nxnem x € D(A).
n=1

Ezample 2.5. Let H be the space of all f € L? (D), D = |0, 27T]d, such that
fD f (&) d€ = 0 (we shall denote by ¢ the variable in D, in this section). Let
D (A) be the space of all periodic f € HNW?? (D) and Af = A¢f. See also
next example for other details.

One can define the fractional powers (—A)” for all a > 0 (also negative,
with suitable extensions of H). We set

D((-A)) = {x €H: i)\i"xi < oo}

(—A) %z = Z AX Ty en, z e D(A).
n=1

The operator A is the infinitesimal generator of the analytic semigroup
o0
ey = Z eft’\"a:nen, Tz € H.
n=1

We shall use several properties which can be easily checked, like that
(—A)” and et commute (on D ((—A)%)), e maps H into D ((—A)%) and
(—A)* et is a bounded operator in H and, easy but less trivial, that for
every o > 0 one has

C
a tA o
|(—A)%e x’HSt—a|x|H, x€ H,t>0
where
03 = sup tz(’/\iae_m" = sup s2% " 2° < 0.
t>0,neN s>0

Let W be a cylindrical Wiener process in H, defined on a filtered probabil-
ity space (€, Fy, P). To be as simple as possible, think that W is the formal
expression
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oo
n
W= w"e,
n=1

where {Wt(n)} is a sequence of independent Brownian motions on
N

n

(Q, Fy, P) (in a sense, W is such a sequence). The formal series converges
in mean square (and more) in a larger space than H, but we do not use
this fact. We shall use only certain expressions derived from W; which are
meaningful, as we shall explain.

Let {0}, be a (weakly) decreasing sequence of non-negative real num-
bers and let @@ be the non-negative selfadjoint bounded operator defined
as

o0
Qr = g o2 xpen, x € H.
n=1

The operators (—A)” and Q commute (on D ((—A)%)). We could develop
most of the following theory without such commutativity condition, but we
prefer to simplify the exposition. As above, the fractional powers Q¢ are well
defined bounded operators in H.

When we write /QW; we mean the formal expression

\/§Wt = Z JnWt(n)en
n=1

rigorously defined in a space larger than H, if necessary. When @ is trace
class, namely Y7 | 0% < 0o, then this series converges in mean square in H.
But we do not assume @ trace class (this would be too restrictive for the
uniqueness results, where @) must be the identity or a similar operator).

Proposition 2.3. Assume

|3w

>

3

Y7o (2.12)
n=1
Then, for every t > 0, the series

t s t
/ e(t_s)A\/@de = Z (/ e—(t—s))\na.ndm/s(n)> en
0 n=1 0

converges in H in mean square. It defines a Gaussian r.v. in H, denoted in
the sequel by W (t), having nuclear covariance operator @y given by

t
Qt:/ esA*QesAdS.
0
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Proof. For every positive integer IV, set

N

t
Wg (t) := Z (/0 e_(t_s))‘"andWS(")> e

n=1

The finite dimensional random vector Wév (t) is Gaussian, with diagonal
covariance matrix Q¥ having diagonal entries

t
(in)m.:/ e_z‘gA"UTQLdS.
0

The sequence of r.v. QY converges in mean square in H because it is a Cauchy
sequence, by the estimate

m t m
E Z (/ e(ts)’\"andWs(n)>en =F Z (/ =D g, dW(” ) ]
n=~k 0 H n=~k
= E (/ ~(t= g dW(")>
n=k 0
m + m 2
— Z/ 672(1575))\n0_72ld8 < Z On
n=k 0 n=k
The limit r.v., denoted above by W, (t), has the required properties. a

One can also show that there is a continuous-in-t modification, see
Da Prato and Zabczyk [65] for this and many other facts. The process
Wq (t) is often called stochastic convolution. It is, in a suitable sense, the
solution of the linear equation

dZy = AZydt + \/QdW,,  Zy=0.

Example 2.6. Consider Example 2.5. With little abuse because of the com-
plex valued functions, a complete orthonormal system is made of the functions
fr (&) == e*¢ k € Z% k # 0 (to have zero average). We may artificially
rename them as {e,}, . We have A¢fi (§) = — k| fi (€). Hence, writing
or, k € Z, k # 0, for the eigenvalues of /@, condition (2.12) reads

> 0—2 < 0. (2.13)

veio oy 1Kl

If we take Q = identity, namely o7 = 1 for every k, this assumption is fulfilled
only in dimension d = 1. As soon as we may take o7 = |k|° for some £ > 0
(even something less), then assumption (2.12) is fulfilled also in dimension 2.
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2.3.3 Uniqueness in Law

Consider the SDE in the Hilbert space H
dX, = AXydt + B (t, X}) dt +/QdW,,  Xo== (2.14)

where A, W;, Q are defined above, B : [0,T] x H — H is continuous, Holder
continuous and bounded in z, uniformly in . We may interpret this equation
in different equivalent ways. One of them is the so called mild form

t t
X, =z + / e=4B (s, X,) ds + / et =94/Qdw,
0 0

which can be found formally by the variation of constant method. We say
that X is a strong solution if it is a continuous adapted process (notice
that (€, F}, P,W}) is given a priori) which satisfies this equation for every
t € [0,T], with probability one. We assume (2.12), so the stochastic integral
in the mild formulation is well defined.

Let us prove uniqueness of the 1-dimensional marginals of solutions, under
rather general conditions. We address to Stroock and Varadhan [191], The-
orem 6.2.3 for a general measure theoretic argument to deduce full weak
uniqueness: it holds true when uniqueness of the 1-dimensional marginals is
proved for all initial conditions and all initial times (the initial time below
is always t = 0, conventionally, but it can be any s € (0,T) because B is
arbitrary in the class defined by the assumptions).

Theorem 2.9. Let
BeC([0,T];Cy (H,H))

for some o € (0, 1). Assume that the operators A, Q introduced in the previous
section satisfy assumption (2.12), that Q is injective (o3 > 0 for every k) and

et (H) CQi/2 (H) forallt>0 (2.15)

and finally that the well defined bounded operator Ay = Qt_l/zem satisfies

T
/ A dt < oc. (2.16)
0

Then, if X®, i =1,2, are two mild solutions, for every t € [0,T] the laws of
Xt(l) are equal.

Proof. Let H, be the span of ej,...,e, and 7, be the finite dimensional
. . . n
projection on H,, given by m,z =), _; xxex. Let

Xt(i’n) = ﬂ'nXt(i), Wt(n) =, We, B™ (t,z) :=m,B(t,z).
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The processes Xt(i’n) and Wt(n) live in H,,. The mapping B (t,-) operates
from H or from H, to H,. The linear operators A and @, restricted to
H,,, are linear bounded operators in H,; we do not change notations for
such restrictions. From the mild equation satisfied by X®) we deduce, by
projection,

t t
X0 = et :r+/ elt=5)Ap(n) (s7X§i)) ds+/ =34 /Qdw ™.
0 0

This is not a closed equation for the projection Xt(i’n). Since we are infinite
dimensions, we can easily check that Xt(z’n)

integral sense)

verifies the identity (in the usual

ax{™ = ax{a+ B (1, X0 dt + QAW X = mu
Hence

ax(™ = Ax{(at+ B (6, X" ) dt + /Qaw™ + R{™at

RO™ =1, (B (a Xt(i)) -B (t, Xt“’”))) .

Let 7 € (0,7] be given and u(™ : [0,7] x H, — R be the solution to
equation

where

ou(™

- +<Aac—|—B(") (t,x)) vu™ 4 L ST <QD2 (”)) 0, te[0,7],z€ Hn

(2.17)
u™ (r,2) = ¢ (x) x € Hy

with ¢ € C} (H), see Lemma 2.2 below. We have (we drop the argument
(t, Xt(i’n)) somewhere for shortness)

ou™

(n) (im)) _ " (n) (i,m) l 2 (n)
du (t,Xt ) dt+ V) - dX| +2TT(QDu )dt

=vu™ . Rt + vu™ . /Qdw ™
hence

¥ (Xﬁi’”)) = u™ (0, ) + /OT Vu™ (5, Xéi’”)) R ds

+ / " u (s, X)) - V/Qaw ™
0
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We get

E {gp (Xim))} = u™ (0, ,7) + /OT E [Vu(") (s,X‘gi’")> -Rgi’")} ds.

Hence, from the estimate of Lemma 2.2 below
‘E [w(xpm)} _E [@( X;z,m)] ‘ < 22: / "B HV“(") (S’ Xg,m) H RGm)
) IVell Z / R

}ds

ds.

Since B is continuous, and Xt(i’n) converges (in n) to Xt(i) by definition, in H,
uniformly in t, P-a.s., we see that RE““)

and it is bounded, hence

goes to zero uniformly in ¢, P-a.s.;

lim | E HRS’”)

n—oo 0

]dSZO.

Similarly

Jm (B o (xt )] = Bl ()| = [ [o (x00)] = B o (x)]]

We deduce, in the limit

s (x)] - 5[ (52| <0

This implies that X" and X? have the same law, since p € Cl(H) is
arbitrary. The proof is complete. a

The main technical issue that we have used is the gradient estimate of
the following lemma. For every n € N, consider the backward homogeneous
Kolmogorov equation (2.17) with ¢ € C} (H,,). One can prove it has a unique
solution

u® € € (0.71: 63 (Ha) ) N CH([0.7]:CF (H,).

Even if we do not prove this full claim (that we do not need), we shall recall
the basic estimates on second order derivatives in Corollary 2.5 below. What
we need here is the following bound, uniform in n:

Lemma 2.2. Under the assumptions of Theorem 2.9, there exits C (T) > 0
(independent of n) such that for alln € N and ¢ € C} (H,)
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Hw(n)

_<Cm)Ivel.

Proof. Step 1. A similar preliminary result is true for the non-homogeneous
Ornstein-Uhlenbeck equation (B™ = 0) with ¢ € Ol (H,), ¥ €
C([0,T];C¢ (Hpn)):

au&)f

20U | Az Vul) + Tr(QDQu(O”[)J>=¢(t7$), uSy (r,2) = ¢ ().

The estimate is

[wud @] <190l + ( / ' ||As||ds> I

Indeed, one can check that

u) () = Ble(Z0) + [ B (s 2.)]ds
0

where
7P = e+ m,Wo (t), =€ H,.

For the integral term (the most difficult one) we use the following facts. For
each ¢ € C'([0,T];Cy (Hy,)) and r € 0,17,

B 20 = [ o) mdy= [ orm (- o) iz

with 1 e g2
pe(w) = (@ aet Q) e A
Since
0 1 0 _ 2
5$¢pt (z — etAa:) = 5P (z— etAa:) oz Q 1/2 (z— etAa:)‘
=ps (z — etAac) <Q[1 (z — etAx) etAe,>
we have
ax» (r, Z9)] Zi ( )(Z)(T,z)pt (z—etAx) dz

m

(r, ez +y) pe (y) dy.

=)=
=
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where

S (ty) = (Qr 'y, ee;) = <e“‘*Q§1y,e¢>~

Hence, with the notation Z (,y) = e!4" Q; 'y,
VE[¢(r,Z{)] = E [(ﬁ (r ez + Wq (1)) e Qy 'Wo (t)} :

Notice that a centered Gaussian vector Z in H with covariance @ (diagonal
with respect to the basis (eg), without restriction) has the property that for
every v € H the Gaussian variable <Q_1/2Z7 v> = ZO’;IZM}[C has variance

Var [<Q*1/2Z,v>} =F U<Q1/2Z7U>ﬂ = ZU;QVQT [Zk]vE = |v]*.
(2.18)
Therefore

(VE[5(r,Z5)] ) < 19l B [[ (@0 Wa (1), Aw)|
1/2

< loll £ || (@7*a (). A |
= 60l 1Avt

namely

IVE[¢ (- Z)]ll oo < 1Al 6]l o -
For the term F [p (Z7F)] we simply use the following facts:

VE[p(Z])] = E [ (Vo) (Z7)]

IVE[p (Z)]llse < IVl -

Collecting these estimates in the formula above for ug}} (t,z) we get

92 69 <196l + [ Wecel ol 05

T
< IVl + ( / ||As||ds> 1l -

Step 2. In the general case (B(™ # 0) the solution u(™ is the uniform
limit, with its first derivative, of the iteration scheme in k € N (n is given),
k>1,
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duy'), ) 1 2, (n)
T + Az - Vuy /) + §Tr (QD “k:+1)

= —BM (t,z)- Vu,in), ugj_)l (1,2) = ¢ (x)

with
uﬁ”) =0

(see also Corollary 2.5 below). From the estimate of the previous step,

oo

T
[vei )] < 19l + ( / ||As||ds> |B® v

T
< Vel + ( / ||As||ds> |5

Choose T so small that ([ [|As|[ds)[|Blle < &;hence (f [[As]|ds)|B™ o0 <
% for all n € N. Then

HVu,(Cn)

oo

n 1 n
foust o] <191+ o]

1 1 n
< 19l + 5 (196l + 5 vl )

<2[[Vell

In the limit as K — oo we get the result, for small 7. By iteration, we get the
claim of the lemma for a general T > 0. ad

To prepare examples, let us state the following simple result.

Lemma 2.3. Consider the case Q = (—A)f27 for some v > 0, namely

on=X", ~v>0.

n

Then condition (2.15) is always true. About condition (2.12), it becomes

o0

1
ZW@O

n=1
which, in the case of Examples 2.5 and 2.6 above, requires

>d—2
Y 1
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Finally, for a suitable constant C,, > 0, we have

C
1Al <
t2+y

and thus assumption (2.16) is fulfilled for v < 3.
Proof. We have

t 1— e—2t)\n
Qien = (/ e_z(t_s)A"aflds> €y = ————¢€n.
0

2/\&;"—2’7
We may define Q; ! on the range of Q; and have

1 2/\;-5-2'7
Qt en - 1 o e*zt)\n 6n~

Define, a priori formally, the operator A; as

124y —tx,
Ao, = Q7 V2t — VIR e
ton Kt n Vioe o,

L. . . VN2 H Y o= tAn
We see it is a bounded linear operator for every ¢ > 0, since ﬁ is
—e n

bounded in n; hence assumption (2.15) is fulfilled. Moreover

_ 142y _
At o3BT 1S e, O
x|” = — 7 = E o < x
] 1 _ e—2tAn M T ity Pt 1 _ e—2thn n = Y2y
where o o
25 T e™=¢
C’,% =sup ——5— < o0

s>0 1— e=2s

(since v > 0). Thus (with C, > 0)

n

<
4] <

and assumption (2.16) is fulfilled for v < 1. Finally, in the case of Exam-

2
ples 2.5 and 2.6, we meet the condition

1
Z |k|2+4’7 <00

keZ4N\ {0}

which is true for 2 + 4y > d, namely v > %. The proof is complete. ad
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Ezample 2.7. In the framework of Examples 2.5 and 2.6 above, let us consider
an equation like the one of Example 1.5 of Chap. 1 in the unknown X (¢, £, w):

dX = AeXdt +b(E,X)dt+e > onen (O)dW”,  X|mo=z€H

n=1

where
b (&, X) = sign (X) le; (1" (X[ A + Njsign (X) (X[ A1) (2.19)

j is a positive integer, o € (0,1) and {ey}, oy is defined as above. Roughly
speaking, the example is
b(X) = |X[*

but we modify it for several reasons: (i) we take | X |A1 since we have assumed
B bounded; (ii) we multiply the first term by sign (X) |e; '™ and we
introduce the second term Ajsign (X) (|X| A1) in order to write an easier
example of non-uniqueness for ¢ = 0 (the first term compensates dd—)t(7 the
second A¢X). The formal simplicity of 1.5, Chap. 1, is lost here because we
impose periodic boundary conditions on a cube instead of just boundedness
on the full space, but the torus set-up is much simpler for other reasons,
so we prefer to sacrifice the simplicity of b. Neumann boundary conditions
(as suggested to the author by Romito) could be a better compromise. The

a-Holder continuity in H of the function B : H — H defined as

B(X)(§) :=0b(5X(€))

is left as an exercise (see Da Prato and Flandoli [64] for this and other
examples). About d and o,, we assume

d<3

d—2 1
n:)\*’}/’ > , - —.
o - v>0 1 <7<2

For e = 0 and = = 0 this PDE has at lezlist two solutions: u = 0 and a function
u (¢, z) which is equal to (1 — ) == t7-a¢; () for small enough ¢. For ¢ # 0,
uniqueness in law holds, for all z € H.

2.4 Pathwise Uniqueness

Theorem 2.10. Assume all the conditions of Theorem 2.9. In addition,
assume

T
/ A Trace (Qy)* dt < oo (2.20)
0
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and )
> | Bullce
2}—7§i9<u> (2.21)
n=1 n

where By (t,x) = (B(t,2),en)n and ||| co(r) is the norm in C([0,T]; Cf (H)).
Then strong uniqueness holds in the class of mild solutions.

The proof is long, so it is given in the next sections. It is based on Da
Prato and Flandoli [64], but revisited in order to use only finite dimensional
stochastic calculus.

The assumptions are considerably more restrictive than those of Theo-
rem 2.9. Condition (2.21) is either a very strong restriction on B or, to keep
B “natural” as in Example 2.7, it is a restriction in the space dimension d
compared to the operator A: if A is the usual Laplacian, d must be equal to
1. Tt is however possible to construct examples in dimension 2, see [64], by
ad hoc choices of other Holder continuous B such that ||Bn||2C? (7 helps in
assumption (2.21).

Also assumptions (2.20) restricts usual examples to dimension 1. However
it can be replaced by an alternative one, a little more general, see below.

Let us state the example as a proposition.

Proposition 2.4. Example 2.7 satisfies the assumptions of Theorem 2.10,

fore #£0, if
d=1

and
on =1 for every k

or more generally

O = AT 0<7<%A—

Proof. There are no good decay properties of ”Bn”ég(T)' Hence we can only
say that ||Bn||QC?(T) < C (because ||B||23(T) < C, with obvious meaning of
||'||Cg(T)) and thus assumption (2.21) amounts to ask

i)\i<oo.

n=1""

This produces the restriction d = 1, see Example 2.6.
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Now, for every real number 8 (chosen below) we have

—2tAn

Trace (Q;) = i Qten,en Z/ 2(t—s)An oy 2ds = il;\el—_m,y

n=1

o0
LA |
1+2y-p 1+2y—p
=1 Z NGRSV < Cpat Z Y

where

1— 8—23
Cpry = S e

Hence

o0

T « T ,(142vy—B)a
) N N 1 142y
/0 [A¢]|” Trace (Q¢)" dt < CF, ( E,l _/\§> CW/O T dt.

In order to have this quantity finite we need to choose a number (§ such
that (we denote by d the space dimension, which is equal to one in our
assumptions):

B =2y

(to have Cj,, < 00),
d

> —
b 2
(to have > 7, % < 00, because in dimension d and with the wave-number

notation, »y cza\ (03 —L - < oo if and only if 3 > %) and

(1)

1—(1+29)(1— 2 1
g< 0 H2)( a):1+27—1:1—27< O‘)
« o «

(to have fT %dt < 00, because 1 + 27 — (14 27— ) a < 1 if and

only if ff <1 —(1+2v) (1 —«)). Recall that o € (0,1) is a priori given by
the Holder property of B (it is not at our choice) and d = 1. Thus such a
number 3 exists if
1 2
27V 3 < 14+2y— 2L,
It is easy to see that this inequality is equivalent to the assumption on ~.
The proof is complete. ad

Strong uniqueness for examples of this kind (and more general, in the sense
that Holder property of b is widely relaxed) has been proved by Gydngy [121]
and related works quoted above, but the space dimension is always equal to 1.

Remark 2.5. Using interpolation inequalities in the following proofs, instead
of explicit computations as we shall do, one can replace the condition
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fOT |A¢]|* Trace (Qy)™ dt < oo in assumption (2.20) with the condition

T
/ A" dt < o0
0

for # = max (o, 1 — ). See [64] for details. Since ||A:]] < tf—lw, we need
2

(%4—7) 1+0) <1

and thus

11—« A o
RN YFy (2(2—a)> '
One can see that the behavior of this condition as & — 0% and o — 17 is the
same as the condition v < § A iﬁ, so in dimension d = 1 there is no great
change. The only main advantage is that this new condition is independent
of the dimension, so the analog of assumption (2.20) would not be anymore
a restriction to d = 1 (in the sense that at least d = 2 would be allowed).
However, the restriction of assumption (2.21) still remains, for a nonlinearity

of the form |u|”.

2.4.1 Finite Dimensional Ornstein—Uhlenbeck
and Kolmogorov Equations

From this section we start the proof of Theorem 2.10. Basically, we want to use
the It6—Tanaka approach described before in this Chapter for SDEs. We need
good bounds on first and second order space derivatives of the solution to a
non-homogeneous Kolmogorov equation. As in the previous section, we prove
these bounds for a finite dimensional Kolmogorov equation, with constants
independent of the dimension; and then we apply them to finite dimensional
projections of the solutions to the infinite dimensional SDE. In this way all
the computations are finite dimensional, easier to be justified. The key point,
let us repeat, is the independence on the dimension of the constants in the
main estimates.

In this section we assume that H = R? is a finite dimensional Hilbert
space and consider the following PDE, similar to the heat equation, that we
call Ornstein—Uhlenbeck equation:

1
% = §Tr (QDzu) + (Az, Du) + o, ul¢=0 = 0. (2.22)

Then we shall consider the analogous Kolmogorov equation with drift b. The
aim of this section is to prove estimates for the solution u independent of the
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dimension of H. The success depends on the presence of the term (Az, Du),
compared to the classical heat equation (see Remark 2.2). All the main facts
of this section and further ones can be found in Da Prato and Zabczyk [67],
proved directly in a infinite dimensional space.

Let Z7 be the Ornstein-Uhlenbeck process, given by

t
25— et Wo (),  Wolt) = / =4 /Gaw,.
0
Denote by R; the associated semigroup on bounded measurable functions
(Rip) (x) := Ep (Z7)] .-
It is not difficult to check that v (¢, z) := (Rp) (x) is a solution of the equation

% = %Tr (QD?v) + (Az, Dv), ult=0 = ¢

(concerning the regularity of v, see also the next proof).

Theorem 2.11. For all ¢ € C([0,T];C{ (H)) the function

Uy (¢, ) = /0 (Ri—sp (s,7)) (z)ds = /0 Elo (s, Z}_,)] ds, t>0,x e H
is a solution to (2.22) of class
u, € C([0,T];C; (H))nC* ([0,T];Cy (H)) -

If we assume @ invertible (hence Q) invertible) and, with the notation Ay =
Qt—l/zetA

)

T T
) (T) ::/0 Al dt < o0, Ca(T) ::/O A2 Trace (Qu) dt < oo

(2.23)
then we have: _
(i) for all h = (hy) € H and (¢) € C ([0,T]; Co (H))¥™H
stup Z hi (V- V) ug, (t,x)| < C1 (T)|v] |h] stup Z vk (t, ) ek (2.24)
T A T A

where, notice, limp_oCy (T) = 0;
(i) moreover,

Vg (t,7) = Vg (t,y)* < 202 (T) |2l 6p Iz =yl (2.25)
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Remark 2.6. The inequality (2.24) can be rewritten in a more compact form
as
IDUs || < C1(T)[|®l+

if we set ® =3, prer and Up = D) Uy, Ck-

Proof. We prove only the two inequalities. It is clear from the computations
that u (¢, x) has the claimed smoothness, and it is not difficult to check that
the PDE is verified.

Step 1. As in step 1 of the proof of Lemma 2.2, we have
VE [ (s, 2.)] = B | (5,6 + Wo(t = ) ) eIV QW (t - 5)
Therefore

Z hy (U . V) E [@k (57 fos)}
k

=F

Z hior (1,y)

E [px (s, Z1-,)]
E H <Q;15WQ (t—s), e(t_s)Av> H .

Therefore, by Holder inequality and property (2.18),

Z hkSDk: (Tv y)
k

< sup
Y

B (5. 20, Q24

< sup
T

The first inequality is proved, by time integration and assumption (2.20).
Step 2. Similarly (with the notations of the proof of Lemma 2.2),

E ZF

83318%] [SD (S t— S)}
/ < (t— S)A* (t S)Aej7€i> 0 (5,2) Prs (Z - e(t—s)Ax> dz

+ / = (t — 8,2 e(tfs)Aa:> =y (t -85,z — e(t*S)Ax)

H

X @ (57 Z) DPt—s (Z - e(t_S)Al’) dz

= / Kij (t—s,9) ¢ (8, eli=)4g + y) pi—s (y) dy
H

= B [Kyj (t— 5, W (t—5)) ¢ (5,0 + W (t - 5) )|
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where

Kij(t,y) = <Qt y,e €1> <Qt y,e €]> <Qt el €]7€A€1>-

We have
E[(Wq (t),e:) (Wq (t),ej) — (Qiej,ei)] =0
hence
E[K; (t, Wq (1)] = 0.

Thus we may rewrite

=F [Kij (t—s,Wq(t—s)) ((p (5, =94y 4 Wq (t— s)) —p (5, e(t_s)Ax) )]

Now, with |v| =1,

(- V)E[p (s, 2i5)] = (- V) E e (s, 2]
<sup |V (v-V) B e (s, Zi%s)]| [z =yl (h- V) (v- V) B [p (5, Zi=s)]

=E [Kh,v (t—s5,Wq(t—s)) (np (s, =4, 4 Wo (t — s)) - (s, e(tfs)Aa;))}
where
Ko (t—s,Wq (t—s))
= (TINQIL W (t = 5),v) (I QWG (t— 5 h)
_ <€(tfs)A*Qt—_13€(tfs)Ah7 U> _

Hence

I()

<5|

(v V) E [¢ (s Zi=s )|
‘<e(t A Qi WQ (t—s), >< (t=s)A" Qi WQ(t—s >) [Wa(t—s)| ]
H< (- S)A lse(t*S)Ah,vM }WQ (t— s)| } .

Recall property (2.18) of a centered Gaussian vector Z in H with covari-
ance Q. It implies, for every p > 2,

(@ 2] <corr
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for some constant C, > 0. Thus, by Hélder inequality,

< Cq t_lg/ze(tfs)AU’ ’Qt__ls/ze(t*smh Trace (Q—5)”

for some constant C, > 0. This is integrable by assumption and thus allow
us to transfer the estimate to Vu, The proof is complete. a

Similarly to what we have done in the previous section on SDEs, we
deduce from the theorem on the Ornstein—Uhlenbeck equation a result on
the corresponding backward Kolmogorov system of equations

%—[Z + (Az,VU) + (B, VU) + %Tr (QD*U) =-®, U(T,z)=0.

The proof is the same of Theorem 2.8, by the iteration scheme

aU(n+1)
at
-3 <B, VU(")> . UCtY (7, 2) = 0.

+ (Az, YU 4 %TT (@p2utm+n)

with minor modifications.

Corollary 2.5. Under the assumptions of Theorem 2.11, there exists a solu-
tion U (t,x) of the backward Kolmogorov system such that each Uy is of
class

Ui € C([0,T];C¢ (H,H))nC* ([0,T];Cy (H,H))

and for sufficiently small T and oll h,v € H we have

sup (3" b (v- V) Ui (t,2)| < 24 (T) o] |1 | @]l
k

t,x

VU (t,2) = VU (£ 9)* < 8Ca (T) [@E0ry |2 =yl
where C1 (T) and Co (T) are given by (2.23) and are independent of dim H.

Proof. By Theorem 2.11, at each iteration step we have a solution
Ut e ¢ ((0.7);CF (H,H)) N C* ([0, T);C (H, H))

Notice that, when U™ has such regularity, then <B7VU(”)> is C([0,T7];
Cy (H, H)), so we may continue the iteration. By Theorem 2.11 we precisely
have

[voeeo] <o v

oo
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where
v =4 <B, VU<">> .

But

Hv(n)

< 1®llge(ry +21Blles HVU(H)

Cp(T) Cp(T)

< N@llg () + 2Bl oy €1 (T) [V

op(T)

Choose T such that 2 ||B||C€(T) C (T) < 1/2. We obtain

<2

va
cp(T) ~

1Pl ¢ ()

and thus
HVU(”H)HOO <201 (1) 1@/l gy -

Moreover, by Theorem 2.11 we have

2 2
VO (1) = VUMY ()| < 20 (1) [ o — y[?
Cy(T)
where Vk(n) =y + <B, VU,in)>. Thus
1% oy < M8l +21Blcg ey [ VU o -
k Cb (T) - Cb (T) Cb (T) k C{;‘ (T)

From inequality (2.24) we have (it is sufficient to take all h; equal to zero
except for j = k)

e

<)y

Cp(T) Cy(T)

hence

1

n—1
<@l ry + 261 (D) 1Bl Vi

cp (T cp(m)
By iteration

i

< 2||®Pk|| oo
ooy < 2 Nllopa

which implies

2
VU (t,2) = VU (4)| < 8C (D) | @nllEyg oyl = ol
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By Ascoli-Arzela theorem, we conclude as in the proof of Theorem 2.8.
The proof is complete. ad

2.4.2 Proof of Theorem 2.10

Let X®, 4 =1,2, be two mild solutions. Now H is the infinite dimensional
space introduced at the beginning of the section.

Step 1 (projection to finite dimensions). Let H,, and 7, as in the proof
of Theorem 2.9, and let

Xt(i’n) = ﬂ'nXt(i), Wt(n) =, We, B™ (t,z) :=m,B(t,z).
The processes Xt(i’n) and Wt(n) live in H,, and we have
ax (™ = AX b (1 X0 ) dt+/Qaw M + Rt X = my.

where
RO = (b (6X7) = b (1, x07))

Since B is continuous, and Xt(i’n) converges (in n) to Xt(i) by definition, in
several topologies, it is easy to prove that REZ’W) goes to zero in H uniformly
in ¢, a.s. in w; and it is bounded, so it converges to zero in several topologies.

Step 2 (reformulation). For every positive integer n, consider the back-
ward Kolmogorov equation, in the unknown U™ (¢, z), function from [0, T x
H,, in H,:

8%;”) + (Ax + B™M (Lm)) VU™ 4+ %T?" (QDQU(n)) _ _pm,

U™ (T, z) =0.

Denote by U,in) its components. The system is decoupled: each U,in) solves a

separate equation, with right-hand-side —B,i”).

From Corollary 2.5 we deduce the following result.

Lemma 2.4. Under the assumptions of Theorem 2.11, there exists a solution
U™ (t,x) such that

U™ e c([0,T];C2 (Hy, Hy,)) N C* ([0,T]; CY (Hp, Hy))

and it satisfies
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sup |37 (0= V) UL ()| < 200 (D) o [ B
k b
for all h,v € H, and
(n) (n) 2 IR 2
VUt w) - YU ()| <86 (0)||BE e - vl
b

where Cy (T) and Cy (T) are given by (2.23) and are independent of dim H.

We have (we drop the argument (t, Xt(i’n)> from some of the expressions)

v n oyt 1 277(n)
= hdt+ VU X 4 ST (@p2uf™) at

avf (¢, x{")
= —B (4, X)) dt + VU - REVat+ VU -/ Qaw

hence
ax™ = AxU™Mdt + /Qdw ™ + RIM™dt

— v (6 XY+ VU LRIV de+ VU™ - /Gaw ™

where VU™ . Rff’") is a vector of components VU,En) ‘ REM) and VU™ .
\/@th(n) is a vector of components VU,g") . \/Qth(n). Thus

a(x Ut (Lx0))
=A(XP U (6, x0))at - a0 (¢, X0+ /Qaw ™ + Rt
+ VU™ REVdt + VU™ - /Qaw ™.
Therefore
X U™ (1, x0) = e (mz + U (0, mya) )

— A/t elt=9)Agy () (8,X§i’n)> ds

+ / elt=DAREN gs 4 / (== Aygy ) (s7X§i’”>) R ds
0 0

+/0 =94 [TU (5, X0m) + 1, | - /Qaw (™.
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Step 3 (book-keeping of terms to be estimated). For the difference between
the solutions we have

Xt(l’n) - Xt(z’n) =h+lo+1I31—Izp+141 —luo+ 15

where
L=U (6,X20) vt (1x)

t
I = A/ =94 [0 (5, x20) 0™ (5, x4 ] ds
0

s

t
Igi:/ e(t=)AREM) g, i=1,2
0
t
L= / =IAGU ™ (5, x() - R ds
0

15:/;6“—8)*‘ (VU (5, x0) = wU™ (5, XEW)] - /Qaw (.

Let us treat in detail the terms I, Is and I5. The other are left to the reader,
with the remark that we do not need to take advantage of the differences
to treat I3 — I3.2 + 141 — 4,2, but simply each one of such four terms will
converge to zero.

Step 4 (estimate for I). Given a smooth

g:Rd—>Rd

we have

lg (z) — g (y)| < sup
z,h

S hi (=) V) i (2)].-
k

where the supremum in & is made over all h € H such that |h| = 1. Indeed,

l9(@) =g )| < sup Z hic (gr () — g (y))‘

§/sup

(=) Vo (a).

th z—y) - V)gr (ax+ (1 —a)y)| da

< bup

Hence
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2
L = [U™ (£, x2M) = U (¢, x|

< sup Z hi ((Xt(l’”) — Xt(2’n)) . V) U (t, 2)

z,h

By the lemma,

<201 (1) [ x{M - x>

H B

o)
We have limp_,o Cy (T') = 0. Then we may choose T such that

) < <[ -

with € > 0 chosen below.
Step 5 (estimate for I5). The estimate of Iy presents a problem. We have
to estimate an expression of the form

¢
A/ =4 (s) ds
0

but we know only that

C

t—s

ey <
L(H,H) ~

which is a non-integrable convolution kernel. When the integrand is Holder
continuous in time, there is a trick:

A / e(=)4g () ds = A / =4 (g (5) — g (£)) ds + (I — ) g (¢).

This method requires Holder estimates in time for U™ and for the solutions
Xt(z’n). We prefer to use a different idea.

We use a “maximal regularity” result for semigroup convolutions. Consider
the map

t
g A/ =904 (s) ds
0

well defined for g € L?(0,T; Hy,). As far as we work in a finite dimensional
space H,, this integral is well defined.

Lemma 2.5. There exists a constant C > 0 independent of the dimension
of H, such that
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T t
/ A/ e (=94 (5) ds dt <C’/ )| dt
0 0

for all g € L?(0,T; Hy,).

Proof. Introduce the extension g equal to g on [0,T], zero outside. Let us

interpret
t
/\j/ e_(t_s)kjgj (s)ds
0

as a convolution over the full real line

(w0 0= [y (=)0, (5) s

— 00

where h; (t) is \je="% for t > 0, zero otherwise. We have

t
Aj / e (=g (s)ds = (hj * g;) () for all t € [0,T7].
0

Both functions g; and h; are square integrable, hence we may use the
properties of Fourier transform (the identities are correct up to a constant,
depending on the precise definition of Fourier transform):

| g ara= [ |imvg @l - [ \f@(g)@(g)\zds

h - [ mefiserasc [ gerae
—C’/ lg; (t )|? dt

where C' > 0 is a constant independent of j, because

Y (oo} i oo i _ ) )\
O = [ ethywa= [ e =
oo J

and thus
<C

independently of j and £. We have proved

/

2

t
)\j/ e_(t_s)kjgj (s)ds
0

ars [l =g) 0OF i

%) T
gc/ |gj<t>|2dt=0/ 195 (D)2 dt.
—00 0
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Therefore

r

2

2 T t
dt:/ Z<A/ e(ts)Ag(s)ds,ej> dt
05 0
T t 2
:/ Z )\j/ e (=g, (s)ds| dt
05 0
r 2
<c [ Sla
0 -
j

T
. 2
—CAIMmdt

¢
A/ e~ =949 (5)ds
0

The proof is complete. ad
From the lemma we deduce
T
/

t 2 T
A/ e (=) 4g (s)ds| dt < c/ g ()] dt.
0 0

Therefore

T T 5
/ I, ()] dt < C’/ ’Um) (S7X‘§2,n)) _gm (S7X§1,n))‘ ds.
0 0
Since we know that
U™ (5,2) = U (s.9)] < o=

uniformly in x,y, s, n, for T small enough, we get

T T 2
/ | (1) dt < 52/ ‘Xs(z’”) — XM s,
0 0

Step 6 (estimate for I5). Recall that VU . \/@th(n) denotes a vector
of components VU,g") . \/@th(n):

VU™ - Qaw ™ = 3" VU - /QdW ey,
k=1

Thus the meaning of I5 is

I; = En:ek /Ot o~ (=) [VU,EH) (s,Xs(l’")> _ VU,E”) (S7X§2’"))]\/@dW§”).

k=1
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Therefore

n

I51* =

k=1

/Ote‘(t‘sm (Vo (s, x80) = vui) (s, X3 ] - VQaw 2

which implies

e~ [gy™ (s,x

XY - vl (5. x80)] - Gawl
-y /Ot 2= g [i 0,u (s, x80) — ;0 (s,Xﬁz’”))‘za}?] ds.
k=1 =1

We have proved that

]

S (o (t2) ~ 0 (tw)| < 8Co (@) ||BE] Je - w.
=1 b

Therefore

t n 2 2
E|LP| <o [ |32t E|[xtm — X&) ds.
0 k_l Ct‘j‘ S S

Step 7 (conclusion). Due to the weak estimate of step 5 we use the integral

norm. We have
/ E|L;(t | dt

/ ’Xln) X(2n)
§1852/ E[’Xt(l’”)—X( }dwcv,ﬂm/ [|R§1’")|2+|R§2’")|Q]ds
0
2
E ’X@n) _ x@mn
ng S S

By

T - 2(t—s)\
+C’/ / e 2(t=5) Ak
"1z

where Cgp(ny includes a uniform bound on VU™ | which is uniform in n.
The last term can be rewritten as

/ ( / Ze_Q(t U e dt)EUXS’")—XS(Q’") 1 ds
2
Ss/ [’Xln X(Q”) }ds
0

} dsdt

(n)
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for sufficiently small T’ since

T n
/ E 67215)\1c
0 k=1

We choose now ¢ and then T', to get

By

2
dt < 0.
cy

g ‘R?m

T 9 T
/ E’X§1’">—X§2’"> dtgc/ EURS’”)
0 0

2

} ds
from the main estimate just proved. This readily implies Xt(l) — Xt(z)7 by
taking the limit as n — oo. As in previous proofs, to be completely rigorous we

have to show first that the second moment of mild solutions used here is finite.
But this follows easily from the mild formulation. The proof is complete.
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