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Introduction

In this thesis we are concerned with large deviation principle for the laws of
solutions of a family of stochastic differential equations.

The large deviation principle is a very important tool in probabilistic
research. It is used to investigate the behavior of a family of probability
laws g, on a complete separable metric space (F, p), depending on a param-
eter €, when the parameter tends to 0.

In general p. will converge weakly to a Dirac measure pg for ¢ — 0. We
want to estimate the rate of convergence to 0 of the measure of Borel subsets
of F': if the large deviation principle is satisfied (if the family p. has the large
deviation property), the rate for a Borel subset is the infimum on the subset
of a given, lower semicontinuous, non-negative, function I, named the rate
functional.

The large deviation principle is used in many situations: from the behav-
ior of dynamical systems in a small noise environment for better understand-
ing of real systems in physics, to establishing the standard form of growing
crystals.

We give the definitions about the large deviation principle in Chapter 1,
where we also establish (Theorem 1.9) that a family of Gaussian measures
with covariance (), where () is a given trace class operator, has the large
deviation property.

In this work we focus on some particular families of measures, those given
by solutions of stochastic differential equations on infinite dimensional spaces.

This matter was studied by many authors in various settings: Varad-
han [57] formulated the large deviation principle, and in the finite dimen-
sional case it was established by Freidlin & Wentzell [35] and Azencott [3],
and studied, later, by Doss & Dozzi [28] and Tudor [56].

We remind some known results to give the background setting: in Chap-
ter 2, we are concerned with the following well-known family of linear prob-
lems, that have solution in the space of pathwise continuous and adapted



processes from [0, 7] into a Hilbert space H:
t
us(t) =z + /Aug(ﬁ) dy ++eBW(t), ze€H, tel0,T)
0

Here A : D(A) C H — H is an unbounded linear operator generating a
strongly continuous semigroup S on H, B : U — H is a bounded linear
operator, B maps a separable Hilbert space U in H, ker(B) = {0}, and W
is a U-cylindrical Wiener process defined in a stochastic basis (Q, F, F;, P).

We prove that the laws of solutions are Gaussian measures and we give
an explicit formulation of the covariance operator. Therefore we establish
the large deviation property for the linear case. This property holds, with
the same rate functional, also in the case of a problem defined in a separable
Banach space £ C H, densely and as Borel subset embedded in H.

In Section 2.4, we also extend these results allowing the base time interval
for the solutions to be infinite, as in the work from the author [31].

In Chapter 3 we show results for the following semilinear problem the
non-linear part G is of locally Lipschitz or dissipative type, both on the
space E and H.

{dug(t) = (Auc(t) + G(u(t))dt + VEBAW (1), & >0,
u:(0) = .

We recall some results about existence and uniqueness of this problem in the
various setting, then we establish the large deviation principle for the laws of
solutions. Our method is based on the use of the contraction principle (see
Remark 1.5), to transport the large deviation principle for the linear problem
to the non linear, via an application W, that we prove to be continuous.
U goes from the space of solutions of the linear equation to the space of
solutions of the non linear one, and, given the uniqueness of solutions, it is
bijective. These results extend preceding works, giving an explicit formula
for the rate function and providing the large deviation principle for equations
with dissipative non-linear terms on H, see the author [29, 30]

The case of stochastic differential equations with additive perturbation
in a Banach subspace E of H is not a new subject and was studied also
by Smolenski et al. [54], by applying the contraction principle. There the
problem is solved assuming that the semilinear part G is Lipschitz in FE.
Peszat [48] generalized this result still assuming that G is Lipschitz in E.
Chenal and Millet [16], proved a more general large deviation result assuming
E to be the space of a—Holder continuous function on [0, 1], and that the non



linear terms are Lipschitz and sublinear on . The theory can be also applied
to systems of reaction-diffusion equations with additive noise considered in
Cerrai [13, 14, 15].

In Chapter 4, we arrive to the new part of this thesis concerning the
Volterra problems; the results presented in this chapter are mainly proved
in the papers from the author and Bonaccorsi [8, 7, 9], and here we give a
systematic exposition from the point of view of large deviations.

We are concerned about the following Volterra semilinear problem:

ulll) = o + / ot — O)[Au(d) + Glu.(9))] 49 + VEBW (1),

0

where a : |0, +00] — ]0, +00[ is a continuous locally integrable kernel. This
problem is a generalization of the previous one (it is sufficient to consider
a = 1), and arises from the analogous deterministic problem related to visco-
elasticity and population dynamics.

The linear version of this problem was first introduced in Clément &
Da Prato [19, 20] and further analyzed by Clément et al. [22]. The idea
developed in these papers is to extend the semigroup approach of Da Prato
& Zabczyk [26]. Rovira & Sanz-Solé [51, 52] affronted the problem when the
stochastic term is a Brownian sheet and the other terms are globally Lips-
chitz; they proved also a Large deviation property for the laws of solutions
of the problem.

In Subsection 2.5.1 we proved that the laws of solutions of the Volterra
linear problem are Gaussian and we give an explicit representation of the
covariance operator. Thus we establish the large deviation principle for those
laws.

The case of the non-linear equation is studied in the case of Lipschitz and
of dissipative semilinear part. Here are established existence and uniqueness
of the Volterra problems.

Then, as in the former chapter, we establish large deviation principle for
the Volterra problems, proving that the functional ¥, from solution space of
the linear equation to the solution space of the non linear one, is continuous.

Finally, in Chapter 5, we give a short introduction to the problem of
the exit time from bounded domains of solution of differential stochastic
equations in the small noise asymptotics. There will not be results about the
Volterra case since its solutions has no longer the Markovian property, which
is the fundamental toll to obtain the results therein. We hope to give results
in this direction in future papers.



Chapter 1

Large deviations

In this chapter we shall give an abstract formulation for a class of large
deviation problems. We will follow the exposition of Varadhan [58, Section 2].

Then we give a simple result in which the principle is satisfied: the Gaus-
sian case.

1.1 The large deviation principle

Let (F, p) be a complete separable metric space. We set for all Borel subsets
M of F and for all 6 > 0

B(M,s8) = | B(z,8) = |J {v: plx,y) < 5}
zeM zeM
Let {ic}e=0 be a family of Borel probability measures on F'; typically, as
e | 0, p. weakly converges to a probability measure which is degenerate, i.e.,
has unit mass, at some point xy in F'. For several sets G, then, u.(G) — 0
as € | 0. In the examples we look at, u.(G) will tend exponentially rapidly
to zero as € | 0, with an exponential constant depending on the set G' and
the relevant situation. We describe the situation in the following context.

Definition 1.1. We shall say that a function I : F' — [0,+o0] is a rate
function if I is lower semi-continuous and if, for arbitrary r > 0, the level
set K(r)={z € F:I(x) <r}is compact.

Definition 1.2. We say that {p.}e>o obeys the large deviation principle
or has the large deviation property with rate function I(-), if there exists a
function I(-) : F' — [0, +o00], satisfying the Definition 1.1, such that for each
closed set I' C F'

limsup e log p(I") < — inf I(z), (1.1.1)
el0 zel



and for each open set G C F

o > . 1
hr?ul)nfglog pe(G) > ;22](1’) (1.1.2)

It follows that I(z() must be be zero and typically I(xz) > 0 for x # .
We shall see several examples of this situation in the next chapters. One can
establish easily that if A is a Borel set such that

inf I(z) = inf I(z) = inf I(2)",
xeﬁ() inf I(x) = inf I(z)
then
limel A) = —inf I(z).
im e log e (A) = — inf I(z)
We give now the properties a rate function must fulfill:
There is an interesting consequence of this definition that we now state
and prove as a proposition

Proposition 1.3. Let p. satisfy the large deviation principle with a rate
function I(-). Then for any bounded continuous function G(x) on F'

lim € log UF . pe(dz)| = sup [G(x) — I(2)] (1.1.3)

el0 z€F
Proof. Upper bound. Given € > 0, there exists a finite number n of closed
sets C; covering F such that the oscillation of G(-) on these sets is at most
0 > 0. Then we have

G(z) G(z)

n Gl=) n Gitd
fp e s pe(dr) <370, fci e e pe(dr) <370, fci e s pe(dz),

where G; is mingec,{G(z)}. Therefore

limsup ¢ log [fF e“ ,ua(dm)} < sup [G;+ 90 — inf I(z)]

el0 1<i<n zeC;
< sup sup [G(z) — I(z)] +9
1<i<n x€C;
=sup [G(x) — I(x)] + 6.
zelF
Since 6 > 0 is arbitrary we have done.
Lower bound. Given 0 > 0 there exists a point y € F' such that

G(y) — G(y) = sup [G(x) — I(z)] — 6/2.

zeF

THere A and A are respectively the interior and the closure of the Borel set A.
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We can also find a neighborhood U of y such that
G(z) > G(y) —6/2  forx e U.

Then we have

G(=)

= pe(dz)
> Gly) —8/2— inf I(2) > Gly) ~ I(y) ~ 3/2
> sup [G(x) — I(z)] — 6.

zeF

hrg(l)nf elog [fFe c ,ue(dx)] > luzlul)nf elog [er

Since ¢ is arbitrary we have done m

Sometimes is useful a slight variation of the above theorem, which we
state and prove as another proposition.

Proposition 1.4. Let p. satisfy the large deviation principle with a rate
function I(-). Let G.(-) a family of non-negative functions such that for
some lower semi-continuous non negative function G(-) one has

lim %nf G.(y) > G(x) forallx € F. (1.1.4)
J
Then
. _Ge(=) .
lim sup € log [fFe E ,ua(dx)] < - 12£ G(z) + I(x)] (1.1.5)

el0

Proof. Let | = inf,ep [G(x) + I(x)]. For any § > 0 and = € F there is a open
neighborhood U, 5 of « such that

inf I(y) > I(z) — 9, liminf inf G.(y) > G(z) — 9.

y€U, s el0  yelUys

Therefore as € | 0

/ eicge(z) /Le(dz) S 6_1—825+0(%).

Uz,(s

We choose an r much greater than [. We have that K(r) is a compact
set, so there exist a finite number n(r) of U, s that cover K (r); this number



does not depend on e. We call U the union of those n(r) sets. Since G, > 0,
we have

/ e u(dz) < p(F\U) < e temw 1(2)
F\U

—Linf.ep k() I(z)‘f‘o(%)

IN

(&

e Ee(d),

IA

On the other hand, ase | 0

/e_Ges(Z) pe(dz) < n(r)efgﬁ(%).

U

If we chose k large enough the term et is negligible compared to e~ for
e | 0. Since ¢ is arbitrary, the proof is complete. n

Remark 1.5. Let {u.}.~0 be a family of probability measures on a Polish
space F satisfying the large deviation principle with a rate function I(-). Let
U be a continuous mapping from F' to another Polish space F. Then the
family of image measures {1, }.>o on F defined by ¥

Ve = e © vt
also satisfies the large deviation principle with rate function J(-) given by

J(y)= inf I(x). (1.1.6)

ze¥—1(y)

We will refer to this as the “contraction principle”.

The large deviation principle has some equivalent formulations that some-
times are easier to use compared to those in Definition 1.2.

Proposition 1.6. Let [ : F' — [0, +00] be a rate function, then the following
statements are equivalent:

L. the family {pe}teso satisfies the upper bound (1.1.1)
. Vr >0, V0 >0, Vy >0, Jg¢ > 0 such that Ve € 10, &o]

pe(B(K(r),6)) > 1—e e, (1.1.7)



Proof. I = 1II. Let r > 0,0 > 0, v > 0, I' = F'\ B(K(r),d), such that
infer I(x) > 7. From (I) it follows that Jeo > 0 such that, if € € |0, e[, we
have elog p1.(I') < —r + =y, which implies (II).

II = 1. Let us consider a closed set I' of F. Let 1o = inf,cr ().
If 7o = 0 then (I) obviously hold, so we can assume ry > 0. Let us choose
r € ]0,79[; then, K(r) and I' are disjoint and there exists d such that the sets
B(K(r),d) and I' are disjoint as well. So, we have that

pe(T) <1 = pe(B(K(r), 0)).
Now from (II), given v > 0, Jg¢ > 0 such that for all € € ]0, &0
pe(I) < ez,

It follows that

limsupelog p.(T') < —r + 7.
€l0

Since v and 7 can be chosen arbitrary near to 0 and rg, (I) follows. ]

Proposition 1.7. Let I : F — [0,400] be a rate function. Then, the follow-
ing statements are equivalent:

1. the family {pe}teso satisfies the lower bound (1.1.2);
1. Yo € F, V5 >0, Vy >0, Jgo > 0 such that Ve €]0, &o]
p(B(x,8)) > e~ sU@H), (1.1.8)

Proof. | = 1l. Let x € F', 6 >0, v > 0, K = B(z,0). From (I) it follows
that Jeo > 0 such that, if £ € |0, &o[, we have

elog B(z,6) > — inf I(y) —v > —1(z) — 7,
yeK

and (II) follows.

IT = 1. Let us consider an open set G of F'. Let us consider x € G
and choose a 0 > 0 such that B(z,d) C G. Then, given v > 0, d¢g > 0 such
that Ve € ]0,¢0[

1e(G) > pie(B(x,8)) = =@,

Then we have that
liml%)nfslog pe(G) > —(I(x) +7) for all z € G

Since v can be chosen arbitrary small, (I) follows. ]

The inequalities (1.1.7) and (1.1.8) are often referred to as exponential
estimates of Freidlin-Wentzell.
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1.2 Large deviation principle for a family of
Gaussian measures

Let E be a separable Banach space with norm |[|-||gz and p a symmetric
Gaussian measure on F. We define H, to be the reproducing kernel of p.
We remind the definition of reproducing kernel in the following definition:

Definition 1.8. Let p be a symmetric Gaussian measure on separable Ba-
nach space E. A linear subspace H,, equipped with Hilbert norm |-, and
inner product (-, ->M, is said to be a reproducing kernel space for p if H, is
complete, continuously embedded in E, and such that, for arbitrary ¢ € E*,
the law of ¢ on R is a Gaussian measure

£(¢) = N(0,]¢]3),

where |¢], = supj,,<1 [#(h)| and N(a, A) denote a Gaussian measure on a
Hilbert space with mean a and covariance operator A.

The existence and uniqueness of such space in our case can be found e. g.
in Da Prato & Zabczyk [26, Theorem 2.7].

Given the measure p we can define a family { . }.~o of Gaussian measures,
accumulating near 0, by the formula

(1) = u(V/ET), (1.2.9)

for all Borel subset I' of E, and € > 0.
Then we are able to prove the following theorem

Theorem 1.9. Let the family {p.}eso be defined by (1.2.9), then {p:}eso
satisfies the Freidlin-Wentzell estimates with rate function

I(x>:{%|a:\i ifve H,

+00 otherwise.

This is a particular but significant case of Cramér’s Theorem, see for
instance Varadhan [58, Section 3].

Proof. As before we set K(r) = {z € H, : 5lz|2 < r}. We recall that
it is possible to find an orthonormal basis {ey}reny of H,, such that, for an
arbitrary sequence {& }ren of independent normal random variables on a
probability triple (Q, F,P), the series Z;:S &rer converges in F, P-a.s., to a
random variable X with £ (X) = p.

11



We first establish the estimate in point (II) of Proposition 1.6. Let
ro > 0,9 >0,7>0,¢e€]0,1] be fixed, and , for n € N, let X be a random
variable such that £ (X) = pu. We have

pe(E\B(K(r),0)) =P(VeX ¢ B(K(r),9))
=P({VeX ¢ B(K(r),0)} N {Ve > i_o&ex & K(r)})
+P({veX ¢ B(K(r),0)} N {ve X o &er € K(r)})
SP(\/EZZ:O ke ?é K(T)) +IP’(||\/EZZ;+1 §k€k||E > 5)
=P(Xioo &’ > Z) + P15 Grenlly = £)
=P(exp (ad_;_y &) > exp (2at))
+P(exp (03552, 11 &rexll}) = exp (b2))
<(1-— 2a)_% exp (—2@2)
+exp (—bZ)E [exp(bl| 352, &enll3)]
=1 + Is.

We first choose b in such way that

_w? e —1\1 1,
e = < < 502 )56 ¢, Vr €10, 79[, Ve > 0.
Then we choose n such that

62

_1;

E [exp (0225200 Grerl)] <

this is possible since E [exp (b]|> 72,1 &wexl|%)] is bounded for all n € N and
because ZZ‘;“H &rer — 0 in probability for n — 4o00.

Finally we choose a € ]]0, 1[ such that (1 —2a)ry < 37. It is easy to see,
now, that for sufficiently small £ > 0 and for all € |0, ro[

1
L Sée_%(rﬂ) and I, §%e‘i(7’_7)

as required.

Now to establish the estimate in point (II) of Proposition 1.7, we shall
need a stronger version:
Vrg > 0, V0 > 0, Vy > 0, Jg¢ > 0 such that Ve € |0, e[, V& € F such that
"r|/2l S To,
_1(Lig2
pe(B(x,0)) > e =Gllt), (1.2.10)

12



This estimate is a direct corollary of the following property of Gaussian
measures: .
u(B(h, 7)) = p(B(0, r))e 2",

for arbitrary r > 0 and h € H,. This property can be proved using the
Cameron-Martin formula and symmetry of the Gaussian measure as follows:

wW(B(h, 1)) =p({z € E |l — hlls < r}) = / u(dz)
|lz—h|g<r

1

= e~ @,z Int p(dz) = e 2l / e~ p(da)
||| p<r lells<r

1
:ieiélhﬁ / €7<$7h>u + e(xvh>u Iu(dx)

lzlle<r
>ealhl} / p(dz) = 3" (B0, 7)),
lzllz<r

that end the proof. O

An interesting application of the Proposition 1.9 is the following. Let 3(+)
be a real Brownian motion on [0, 1], then its law will be a Wiener measure p

on Cy([0, 1]).

Proposition 1.10. If we define p. = £ (\/20(+)), then p. will satisfy a large
deviation principle with rate functional

1
l/|f’(19)|2 49 for f absolytely continu?us @th
I(f)y=12 a square integrable derivative (1.2.11)
0
+00 otherwise.

Here we give an alternative, more direct, proof that does not use the
general theorem for the Gaussian measures.

Proof. Lower bound. Given f € Cy([0,1]) with I(f) < +oc and a neighbor-
hood U of f, for any 6 > 0 we can find a ¢ € U and a neighborhood V' C U

of g, such that I(g) < I(f) 4+ J, and g is twice continuously differentiable.
Then

pe(U) > pe(V),

and it is sufficient to show that

lim inf elog e (V) > ~1(g) = ~I(f) = .

13



Let us denote with v. the measure corresponding to z — g, where x is
distributed according to pu.. If we denote by G the translate V — ¢, then G
is a neighborhood of the zero function. By the definition of v,

dv,
pe(V) = ve(G) —/ m dpe.

By the Cameron-Martin formula, v, is absolutely continuous with respect to
e, and the Radon-Nikodym derivative dZE is given by

d
d 1 h 1 h
VE o - / - ! 2
= e / §(0) da(9) ~ o / J(9)? do
0 0

For r > 0 sufficiently small we have that B(0,7) C G, then we have

(V) = 10.(G) = v (B(0,r) = / jﬂ .

B(0,r)

) dv, 1 1
> ) (BO.0) 4 G0) 2 (B0 exp | <21 = el e |

z€B(0,r) d,ug

Since u.(B(0,7)) — 1 for ¢ | 0 for any r > 0, we have

lir?l infelog (V) > ~1(g) - rllg"leqo.)-

But since g is twice differentiable, we have that ||¢g”||c (o)) is finite, and
letting » — 0 we obtain our lower bound.

Upper bound. Let I' be any closed set in [0, 1]. Choose § > 0 then
if 7 is any map from [0, 1] into itself, we have

Ho(T) < pe(f | 7 € BT,8) + elf | 7S = Fllenouy = 9).

Take m = 7, the polygonalisation of any function x in Cy|0, 1] with step size
1
=. Then

pe(f [ mnf € B(L,0)) < pe(I(mnf) = s),

14



where l5 = infreprs) I(f). I(m.f) is a finite random variable under p. and
2I(mnf) has a x? distribution with n degrees of freedom. Therefore

o)

u(I(mof) > 1) :TZ) / (g)’“ a?

ls

<exp [—l;é—ko(%)} as e | 0.

It follows that limsup, |, elog p-(I(mn f) > I5) < —Is.
On the other hand,

0<t<1/n

)
pe(f [ 1w f = flleoqo)) = 0) <n pe ( sup |z(t) — z(0)| > 5)

<2n < sup |z(t) —z(0)] > ;—\2)

0<t<1/n

1 7 L
=4in——= [ e 2¥ d
V2T g Y

27

=exp {—g—jJro (é)] ase | 0.

It follows that limsup, o elog i (f | [|7f = fllcoqoay = 6) < —2.
Combining the above calculations we obtain

J
lim sup € log p-(I") < min {15, %] =15 forn — oo.
el0

For any closed set I its easy to verify that

lgﬁ)ll(; = }relﬁf(f)

We now let ¢ | 0 and we have the upper bound. O]
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Chapter 2

Large deviation for the
stochastic convolution

2.1 The linear stochastic equation

Let H and U be separable Hilbert spaces, and {ey }ren and { fj, }ren complete
orthonormal systems in H and in U respectively. We are concerned with the
following family of linear stochastic equations in H of the form

uet) =z + /Aug(ﬁ) A0+ VEBW(t), ze€H, tel0,T], (2.1.1)

where A : D(A) C H — H is a self-adjoint (generally unbounded) op-
erator in H, negative definite; B : U — H is a bounded linear operator,
withker(B) = {0}; W is a U-cylindrical Wiener process defined in a stochas-
tic basis (Q, F, F;, P); € is a positive number. We assume the following;:

Hypothesis 2.1. The operator A is diagonal in the basis {eg}ren:
Aep = —ppex, we > w € R.
Definition 2.2. We define S(-) as the semi-group generated by A:
St)y=¢e",  t>0.

We define a mild solution to (2.1.1) to be a mean square continuous
stochastic process u(t), t € 0,77, such that

u(t) = S(t)x + VeWg(t), (2.1.2)

16



where Wg(t), called the stochastic convolution. It is defined by:

W(t) = / S(t —9)BdW (9).

0

Definition 2.3. Let L, = L,(U, H) be the space of Hilbert-Schmidt opera-
tors from U into H, equipped with the norm

+o0o
IWlZ2 = > K@ a,en)l.
h,k=0

Then, in order to prove that the stochastic convolution process is well
defined, we impose the following condition.

Hypothesis 2.4. We require
T
/ ||S(19)B||%2 dv < 4o00.
0

We know, see Da Prato & Zabczyk [26, Theorem 5.4], that if Hypothe-
ses 2.1 and 2.4 hold, there exists a unique mild solution of (2.1.1) on [0, 7.

In this chapter we shall discuss large deviations for the laws of the family
of solutions ..

2.2 Stochastic convolution as random vari-
able

Let us consider the stochastic convolution process Wq(+). Assume that W (t)
has the form

+o0
W)=Y fbu(t), t>0,
h=0

where {3 (t) }ren is a family of real standard independent Brownian motions.

Proposition 2.5. Let us assume that Hypotheses 2.1 and 2.4 hold; then, for
any t >0, Wy(t) is a Gaussian random variable on U, with zero mean and
covariance operator

Q= / S(9)BB*S*(¥) .

17



Proof. We may write

t

Wy(t) = /S(t—r)BdW(r) = Z/S(t—r)th dBu(r);

0 h=07
it follows that

—+00

E [[Ws(t) /|S (t—7) th|2dr—/||S B2, i < +oc.
k=07

o

Set

Wg(t) =
h=0

St —r)Bfr,dBu(r);

o\H~

then W{(t) is a centered Gaussian random variable on H, and the limit for
n going to infinity converges to Wy(t). Hence, W¢(¢) is a centered Gaussian
random variable.

Finally, the covariance operator () is defined by

(Qz,y) = E[(Ws(t),z) (Ws(t), )]
oo
_E LOO/ (t = r)Bfo ) dBa(r O/ (t = 1)Bfi ) dbn(r)
= :z:;/(S(t—r)th,l') (St —=7)Bfp,y)dr
- /t (S(t—r)BB*S*(t — )z, y) dr
as Tequired. 0 O

Now we consider the stochastic convolution as a random variable on the
space L?(0,T; H). In the next theorem we shall show that W(-) is a centered
Gaussian random variable, and we shall give an explicit formulation for the
covariance operator.

Theorem 2.6. Let us assume that Hypotheses 2.1 and 2.4 hold. Then the
law p of the stochastic convolution Wy(+) is a symmetric Gaussian measure
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on H = L*(0,T; H) with covariance operator
T

- / o(t, 0)(9) d,

0

where
tAs

g(t, ) :/S(t—r)BB*S*(t—r) dr.

Proof. First of all, we prove that the trajectories of stochastic convolution
belong to ‘H a.s. For a measurable version of stochastic convolution we have,
by the Fubini Theorem,

T T 9
E[WsOIR] = [ B [Ws(@)] a0 = [ [ 15()BIE, dodo < o0,
0 0 0

so Wy(-) takes values in H.
We must check that £ (Wg(+)) is Gaussian. We recall the following result,
see for instance Da Prato & Zabczyk [26, Proposition 2.9]

Proposition 2.7. Let p be a measure on a separable Banach space E and
F a linear subspace of E* separating points' in E and generating the Borel
o-field of E. Then, if every ¢ € F has symmetric Gaussian law then p is
symmetric Gaussian.

Now let us consider the following family F' of functionals (h ® a) € H*;
h:[0,7] - R, a€H,

(ha)(e) = [ 1) (0 o0)y 0, p N

Since

(h®a) /h (0, Wg(9)) 9,

and (a, Wg()), is a real Gaussian process, mean square continuous, with
mean 0, by Proposition 2.7 we have that £ (Wg(-)) is symmetric Gaussian
distribution N (0, Q) on H.

We mean a linear subspace of E* such that for each point = of E there exist at least
two points yi, y2 in the subspace such that y;(x) # ya(x).
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We want to give a representation formula for Q, in order to have an
explicit description of Q_%, which shall be necessary for the definition of the
rate functional I(-).

Given two functions ¢, in 'H, we have

(Qp, ¥)y =E [(0, W ()3 (0, W ()]

= [ [Ele@. o) oW aeds.  (2:23)

and by independence from the past

9 t

E[Wq(t)| F] = E {/ S(t — o)BdW (o) + /S(t — 0)BdW(0)

0

Fo

= /S(t —o)BdW (o),

we have

E[{p(9), Ws(0)) ((t), Ws(t))]
=E[(p(9), Ws(9)) ((), E[Ws(t)| Fo])]

<[f§” (t—o BBsw—a)da}@(ﬂ),w(t))

If we define

9N
g(t,0) = /S(t—a)BB*S*(f}—U)dJ,

0
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(2.2.3) becomes

(O, )y = / (ot 9) (), (1)) dv dt

<

Sty T — 5

Iy 9t 9)p(d) dv, () ) dt.

that is

Qp(t) = / g(t, 0)p(9) .

Remark 2.8. We see that the relation
Q=LLT,

is satisfied with £ defined in the following way:

t

Lp(t) = /S(t — ) By(v) dv, P(-):[0,T) — U,

0
and consequently

Lolt) = / B'S* (0~ )p(0)d9, () :[0.T] — H,

t

with ¢, 1 square integrable functions.

(2.2.4)

(2.2.5)

We have then the following corollary, see Da Prato & Zabczyk [26, Corol-

lary B.5]:

Corollary 2.9. Let Q the covariance operator of the stochastic convolution

W(-). If we define L as in (2.2.4) we have

1

Im(Q2) =Im(L)
and

1Q 3¢l =|IL || for all p € Im(L).
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2.3 Large deviations for the stochastic con-
volution

For any ¢ > 0, we consider the laws of the processes /eW¢(+) on the space
H.

Theorem 2.10. Suppose that Hypotheses 2.1 and 2.4 hold, and let p be the
law of the stochastic convolution process Wg(-). Then, the family of laws

{/’LE}6>O

pe = £ (VeWs(-))

satisfies a large deviation principle with respect to the rate functional I(-)
given by

T
1 —1r7,./ 2
I(w) =42 / |B~1[u/(9) — Au(D)]|,, d0  for u € Im(L)
0
+o00  otherwise.

Proof. We proved in Theorem 2.6 that the process Wg(-) has a Gaussian law
on the space H, so from Theorem 1.9, the family p. satisfy a large deviation
principle with rate functional

1 1 1
= / 1Q zu(W)*dYy u € Im(Q 2)
+00 otherwise.

To obtain an explicit formula for the rate I(-), we recall the Corollary 2.9,
so it is sufficient to find an explicit formula for the inverse of the operator £

introduced in (2.2.4).
Given z € 'H, we set u = Qz = LL*z. Then we have

t

u(t) :/g(t,ﬁ)z(ﬂ) d19—|—/g(t,19)z(19) dd. (2.3.6)

0
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Differentiating the previous identity in ¢, we have:

t 9
u'(t) =g(t,t)z(t) + / A/S(t —0)BB*S*(¥ — o)do | 2(9)dv

0

—9(t,1)2(1) +

Tt~

A / S(t— 0)BB*S*(# — o) do | 2(d) dv

+ / BB*S*(0 — t)2(9) do.

Therefore, from (2.3.6) we have

u'(t) = Au(t) + / BB*S* (0 — t)z(¥) dv.

Hence the following expression is meaningful
T
B! [u'(t) — Au(t)] = /B*S*(i&l —t)z(¥) do.
t

Recalling (2.2.5), we see that
B[/ (t) — Au(t)] = L*2(t).

Since by definition £~ u = £*z, we have the following expression for the rate
functional:

I(u) = %/ ‘B_l[u/(ﬂ) - Au(ﬁ)]}?]dﬁ for u € Im(L)

+00 otherwise.

]

Remark 2.11. The rate functional can be defined in another way. Assume
that z € L*(0,T;U) and consider the following integral control system

u(t) = /Auz(ﬁ) d19+/Bz(19) dd, t €10,7],

0 0
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which is solved by
t
W (E) = / S(t — 9)B=(0) dv.
0

It follows that the rate functional can be expressed in terms of z:

U =u

T
1
I(u) = inf §/|z(19)|2Ud19
0

This formulation has the following interpretation: I(-) can be viewed as the
minimal “energy”, given by the forcing term z, to allow the system to remain
in u.

2.4 Stochastic convolution on infinite time

In this section we will assume:

Hypothesis 2.12.

“+oo
/ 1S(9)B]l., d9 < +oc.
0

This hypothesis implies that the parameter w in Hypotheses 2.1 is posi-
tive, i.e. A is strictly monotone.

As before, we know, see Da Prato and Zabczyk [26, Theorem 5.4], that if
Hypotheses 2.1 and 2.12 hold, there exists a unique mild solution of (2.1.1)
for all T" and then on [0, +-o00].

We want to prove the following

Theorem 2.13. Suppose that Hypotheses 2.1 and 2.12 hold. Given a func-
tion p € C([0,400[;]0, +00[) N L*(0, +00), the stochastic convolution Wgl(-)
is a centered Gaussian random variable on Hy, = L*([0,+00), p; H), where
Ho is the Hilbert space of measurable functions from (0,400) to H endowed
with the following weighted scalar product

—+00

() = / (o(9), 6(9)) p(0) .

0
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Proof. As in Theorem 2.6, we prove that the trajectories of a stochastic
convolution belongs to Hs a.s.. For a measurable version of stochastic con-
volution we have, by the Fubini Theorem,

+oo

E[IWs() ] = [ EIWs(@)] o(0) a0

://||S(U)BB*S*(U)||L2dap(ﬁ)di(}S /Mp(ﬁ)d19<+oo,

so Wg(+) takes values in He.

It easy to see as in Theorem 2.6 that £ (Wg(-)) is Gaussian.

To explicit the covariance operator Q.. we take ¢,1 € H,. Then, we
follow the same calculation of the Theorem 2.6, so we have:

<Qoo§07 ¢>7—(OO =K [<<107 VVS>7-KOC <¢7 W5>HOJ

—+00 400

- / / E [{0(9), Wg (9} (), We(0)) ] p(o) dor p(0) 4

Since for ¥ > o

E[(p(@), Ws(0)) g (¥(0), Ws(0)) ]
=([fy S(@)BB*S*(0) do] S*(9 = 0)p(¥),%(0)) ;.
defining again

tAY

g(t,0) = /S(t—a)BB*S*(ﬁ—J)dU.

we obtain
+00 400
(Queipr by = / / (9(0,0)0(9), ()} p(9) D p(c) do
3_000
= [ {900,000 p(0) 00,0(0)), plo)do
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Then we have that Wg(-) is a symmetric Gaussian random variable on H,
with covariance operator Q.., where Q. : Hoo — Hoo is defined by

+o0
Quh(t) = /g(t,ﬁ)h(ﬂ)p(ﬁ) dd, for ¢t € [0, +o0l.

0

O

If we denote with U,, the Hilbert space of measurable functions from
[0, +00[ to U endowed with the standard scalar product

“+oo

(. 9. = / (F(9), 9(9))y 49,

0

then, as before, we see that is satisfied the relation
Q. = LL,

with £ : Uy, — Ho defined as
t

Lp(t) = / S(t — 0) By (9) dv, D)0, 4o0| > U,  (24.7)

0

with 1 square integrable function. Consequently, by the chosen scalar prod-
ucts on H,, and U,,, we have

o0

Lro(t) = / B*S*(0 — t)p(9) p(@) 9, () [0, +oo[— H,  (2.4.8)

t

with ¢ square integrable too.

Remark 2.14. We point out that the standard (not weighted) scalar product
on U, is the unique one that allows such a decomposition of Q.

2.4.1 Large deviation in infinite time

For any € > 0, we consider the family of measures {y.}.~o defined by

pe = £ (\/EWS())

on the space H..
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Theorem 2.15. Suppose that Hypotheses 2.1 and 2.12 hold. Then the family
e satisfies a large deviation principle with respect to the rate functional I(-)
given by

400
1 —17, 7
I(w)=12 O/ | B~ u/(0) — Au(ﬂ)]‘édﬁ for u € Im(L)
+o00  otherwise.

Proof. We proved in Theorem 2.13 that the Gaussian process Wy(-) has a
Gaussian law g on the space Hy,, so we have automatically that a large
deviation principle is fulfilled, with the following rate functional:

1 1
110”212 2
= U , u € Im ( ) ,
I(U) _ 2||Qoo H’Hoo Qoo
~+00 otherwise.
As in Theorem 2.10 we can give a more explicit formulation for the rate

functional I(-).
Given z € Hy, we set u = Q2 = LL*z. Then we have

ut) = [ 9(t.0):0) p0) a0+ [ 9(t.9)2(0) p(0) a0
Differentiating in ¢ we have:
¢ 9
u'(t) =g(t, t)z(t)p(t) —|—/ A | S(t—o)BB*S*(V—o)do | 2(9) p(?) dv
—g(t, t)z(t)p(t) +/ A / S(t—o)BB*S* (¥ — o) do | (V) p(v) dv

“+o00
+/ BB*S*(¥ — t)z(0) p(v) d9,
t
thus we obtain

+o00
u'(t) = Au(t) + / BB*S*(¥ — t)z(9) p(v9) dv.

t
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Hence the following expression is meaningful
+o0o
B[/ (t) — Au(t)] = / B*S*(9 — t)z(V) p(v) dv,
t

Recalling (2.4.8) we see that
B[/ (t) — Au(t)] = L*2(t).

since, by definition £*2 = L7 'u, we have, in accordance with the scalar
product on U, that

—+00
el = [ 1B ) - Au@) [} a0,
0

Then the expression for the rate functional, that does not depend on the
weight p, follows:

ry = 43 B0 — )00 for w e e

+00 otherwise.

2.5 The linear Volterra equation

There is another interesting extension of problem (2.1.1), which involves the
use of convolution kernels as in the following problem.

u(t) = x+/a(t — N Au.(9)d9++eBW(t), zwe€H, tel0,T], (2.5.9)

where, as in section 2.1, A : D(A) C H — H is a self-adjoint (generally
unbounded) operator in H, negative definite, that satisfies Hypothesis 2.1;
B : U — H is a bounded linear operator, with ker(B) = {0}; W is a U-
cylindrical Wiener process defined in a stochastic basis (2, F, F;, P); € is a
positive number; moreover we impose the following:

Hypothesis 2.16. The kernel a :0,T] — ]0, +o0[ satisfies:
a(t) € C(10,T]) N Lio(0, 7).
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That this problem is a generalization of (2.1.1) is straightforward posing
a=1.
This problem is the stochastic version of the following Volterra problem

u(t) =x + /a(t — ) Au(9) dv reH, tel0,T]. (2.5.10)

The solution to this problem can be given as follows
u(t, x) = S(t)z,
where the resolvent {S(t)}:>¢ is a family of bounded linear operators:

Definition 2.17. A family {S(¢), ¢ € [0, 7]} of bounded linear operators in
a Banach space X is called a resolvent of (2.5.10) if the following conditions
are satisfied:

1. S(t) is strongly continuous on [0,7] and S(0) = I;
1. S(t) commutes with A4;

1. the resolvent equation holds:
t
S(t)r =x+ /a(t —V)AS(¥)z dv, (2.5.11)
0

for all x € D (A), t € [0,T].

Notice that the Volterra equation (2.5.10) has a unique solution if and
only if it admits a resolvent. Moreover it worts mention that here we restrict
ourselves to consider solutions on a finite interval [0,7"] while normally it
is aasumed that time goes throught all R, see Priiss [50] for an exaustive
reference on Volterra equations.

Hypothesis 2.18. The Volterra equation (2.5.10) admits an unique solution,
and we denote by S(t), t € [0,T], the associated resolvent.

It is possible to show, in view of Hypothesys 2.1, that the resolvent is
diagonal in the basis {ex}reny of H. We introduce now the solution s,(-),
a € R, of the scalar integral equation

Sa(t) + a/a(t —9)sq()d¥ =1, t€[0,T]. (2.5.12)

0
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Let —u be an eigenvalue of A with eigenvector e;. Then,
S(t)er = S, (t)ex, te[0,7].

We now consider the stochastic convolution process Wg(t):

/S 9)B AW (9). (2.5.13)

where, as in the standard case, we assume that the process W(t) has the
form

:thﬁh(t)a te [07T]7
h=0

where {fj,}ren is an orthonormal system in U and {3, (t) }ren is a family of
real standard independent Brownian motions.

Then the stochastic convolution Wy(-) is well defined for all ¢ € [0,T7, if
the following hypothesis holds

Hypothesis 2.19. We require
/ ||S(19)B||%2 dv < +o00.

Theorem 2.20. Under Hypotheses 2.1, 2.16, 2.18 and 2.19, for any t >
0, Wg(t) is a real, Gaussian random variable, with mean 0 and covariance
operator

Q= / S(9)BB*S*(¥) dv.

Proof. We may write

“+oo
Wl /St— )B dW (¥ :Z/St— ) B fn dBn(V);
h=0 0
it follows that

+oo
E [W())* /IS (t —0)Bfu]? dv = /||S )B|7, dv) < +oo.
h=0 0
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Set

n

W) = / S(t — 9)Bfy A (9):

h=0

then W (t) is a centered Gaussian random variable on H, and the limit for
n — +oo converges to Wq(t). Hence, W(t) is a centered Gaussian random
variable.

Finally, the covariance operator () is defined by

(Qu,y) = E[(Ws(1),2) (Ws(t),y)]

= / (S(t — 9)BB*S*(t — V), y) dv,

as required. O

As in the standard case (a = 1) we can show that the stochastic convo-
lution is a Gaussian process although it is not Markovian anymore.

Theorem 2.21. Suppose that Hypotheses 2.1, 2.16, 2.18 and 2.19 hold, then
the law p of the stochastic convolution Wg(-) is a symmetric Gaussian mea-
sure on H = L?(0,T; H) with covariance operator

Qp(t) = / o(t, 0)p(9) A,

where
tAD

g(t,v) = / S(t—r)BB*S* (¥ —r)dr.

We omit the proof of this theorem since it is exactly the same proof as in
Theorem 2.6. We point out that, in the proof of Theorem 2.6, we don’t need
to suppose the stochastic convolution to be Markovian.

As in the standard case, we see that is satisfied the relation

Q=LLT,
with £ defined:

t

£w(t)—/5(t—z9)Bw(19)dz9, W():[0,T] — U (2.5.14)

0
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and consequently

T
Lrp(t) = /13’*5*(15l —t)p(¥) dv, o(-): [0, 7] — H, (2.5.15)
t
with v, ¢ square integrable functions.

2.5.1 Large deviation for the stochastic convolution in
the Volterra case
For any € > 0, we shall consider the laws of the processes /cW(+) on the
space L*(0,T; H).
We will use a stronger assumption on the kernel a:

Hypothesis 2.22. The kernel a : [0,T] — ]0, +o00[ satisfies:
a(t) € C([0,T)) N W0, T).

Theorem 2.23. Suppose that Hypotheses 2.1, 2.18, 2.22 and 2.19 hold.
Then the family p. satisfies a large deviation principle with respect to the
rate functional I(-) given by

» %/{B_l[u'(ﬁ)—a(O)Au(ﬁ)
—(a’ % Au(-))(9)]|7, A0 for u € Im (L),

[ +00 otherwise.

Here (a  b)(t) stands for f(f a(t — 9)b(V) dv.

Proof. From Theorem 2.21 it follows that the family u. satisfy a large devi-
ation principle with rate functional

I(u) = %/‘ﬁ_l(u)(ﬂ)\?]dﬁ u € Im (L)

+o00 otherwise.

We give now an explicit formulation for the operator £7! introduced
above. Let u = L(z), with z € L*(0,T;U); then we have:

ut) = (8 = Bz())(t).
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From the resolvent equation
S(t) = (ax AS(-))(t) =1,
we have

(a* Au)(t) = (ax AS x Bz)(t) = —(I * Bz(+))(t) + (S = Bz(-))(¢)
= —(I* Bz(-))(t) + u(t).

Differentiating, we have

Ba(t) = () — %(a « Au)(t),
thus
2(t) = L7 u(t) =B [u/(t) — %(a x Au)(t)] (2.5.16)

=B/ (t) — a(0)Au(t) — (a’ * Au)(t)].
This is sufficient to obtain the explicit formula of the rate functional I(-). [

Remark 2.24. As before we can write another definition of the rate functional.
Assume that z € L?(0,T;U) and consider the following integral control sys-

tem
t t

u*(t) = /a(t — 9)Au* () dv + /Bz(ﬁ) dd, t €10,7],

which is solved by
t

W (t) = / S(t — 9)B=(d) dv.
0
It follows that the rate functional can be expressed in terms of z:

T
I(w) = inf %/\z(ﬁ)]?]dﬁ W = (25.17)
0

Again this formulation has the following interpretation: I(-) can be viewed
as the minimal “energy”, given by the forcing term z, to allow the system to
remain in u.
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Remark 2.25. The rate functional defined in (2.23) coincides with the Onsa-
ger-Machlup functional for equation (2.5.9), compare Bonaccorsi [5, Theorem
1].

Let us recall that the Onsager-Machlup functional, for a diffusion X,
answers the following question: given two smooth curves arising from the
same point, which one is more probable for the evolution of the system? In
the finite dimensional case, the problem has been analyzed by many authors,
starting from the work of Onsager & Machlup [47], see for instance the book
of Ikeda & Watanabe [39] and the bibliography therein.

In the infinite dimensional case, it was proposed in Bardina et al. [4] to
consider the limiting behavior of ratios of the form

() = Pr(|X(-) — o( 2.1 <€)
) Pr([[Ws( )l 22050y < €)

when ¢ — 0: if the limit lim. o7.(p) = exp(Jo(p)) exists for all ¢ in a
suitable class of deterministic function, then the functional Jy is called the
Onsager-Machlup functional associated to the diffusion X.

In Bonaccorsi [5] the Onsager-Machlup functional is defined similarly;
then, it is proved that the limit exists for all functions ¢ = u*, when z €
L?(0,T;U), and it coincides with the functional I(-) defined in (2.5.17).

2.6 Stochastic convolution on Banach space

In this section we denote with £ C H a separable Banach space, densely
embedded in H as Borel subset. Moreover, E will be equipped with the
norm ||| g.

We assume that Hypotheses 2.1 and 2.4 hold.

We are interested in studying the following problem on the space E:

{dua(t) = Auc(t)dt + eBdW (t), >0, (2.6.18)

u(0) =z € E.

We shall denote by Ap the part of A in E ¥,
We will assume:

Hypothesis 2.26. A generates a strongly continuous semigroup of oper-
ators Sg(-) on E, and there exists w € R such that ||Sg(t)||g < €' for all
te0,7],

{Given a subspace E C H and an operator S : H — H, we define by Sg(-) the part of
S(+) in F as the operator S(-) restricted to the subset {x € D(S(:))NE : S(-)x € E}.
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Hypothesis 2.27. Wy has an E-continuous version Wg,,.

By a mild solution of (2.6.18) we mean a mean square continuous stochas-
tic process u.(t,x) € C([0,T]; E), such that:

u:(t) = Sp(t)r + VeWs, (1)

2.6.1 Large deviation for the stochastic convolution on
the Banach space E

We want, here, to show that the laws p. = (£ (u.)).., of u. fulfill a large
deviation principle with respect to a suitable functional I(-) (the following
result is known see Peszat [48]).

Theorem 2.28. Let us assume that Hypotheses 2.1, 2.4, 2.26 and 2.27
hold. Then {u:}eso fulfills a large deviation principle with respect to the
functional 1(-), defined as follows:

I(u) = %foT B~ (' (9) — Apu(0))[3 d, u € Im(Lg),
00 otherwise,
where Lg is the part of L in C([0,T]; E):
¢

Lovlt) = [ Se(t-DBU@) 0, 0(): 0.7 U
0
Proof. Since FE is dense in H, the spaces L*(0,T; E) and C([0,T); E) are
both densely embedded in L?(0,T; H).

Since the laws of u. are Gaussian both on the space L*(0,T; H) and the
space C([0,T]; E), from the uniqueness of the reproducing kernel, we have
that the reproducing kernels H,,_ are the same in both spaces, see Da Prato &
Zabczyk [26, Proposition 2.8]. From this we have that the family of Gaussian
measures {y.}.~o satisfies a large deviation principle with respect to the
functional I(-) defined as:

10,12
I(U) = §’u‘H#1’ u e H’“’
400 otherwise,

Since, on the Hilbert space L?(0,T; H), it can be shown that

T
1 — ! 2
I(u) = 5/‘3 o' () — Au(ﬁ)HUdﬁ for v € Im(L),
0
400 otherwise,
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the same statement holds for the sub-space C([0,T]; E).
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Chapter 3

Large deviation for the
semilinear problem

In this chapter we shall study the following semilinear problem:

t

u(t) = x + /Aus(ﬁ) + G(u(9)) dY + VeBW (t),

0

with x € H, t € [0,T]. Or, in the equivalent formulation,

{dus(t) = Au.(t)dt + G(uc(t))dt + VEBAW (1), &> 0,
u:(0) = x

Here G is a non linear perturbation.

This problem has been studied in many settings: we shall analyze some
of them, proving that it has an unique solution in some suitable sense. Then,
we shall show a Large Deviation Principle for the laws of the solutions wu.(-),
via a continuous correspondence between solutions of the linear equation and
solutions of the non-linear equation, using the contraction principle.

In the Section 3.1 we shall study this problem on the space H in the case
of a non linear term G Lipschitz, then in Section 3.2 we shall study the case
of dissipative G on a Banach space E densely embedded in H.

3.1 The case with Lipschitz non-linearity

As in Chapter 2, let H and U be separable Hilbert spaces and let {ej}ren
and { f, }nen be complete orthonormal systems in H and in U respectively.
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u(t) = x+/Au(ﬁ) + G(u(v))dy + BW(t), (3.1.1)

with x € H, t € [0,T].
We assume that the Hypotheses 2.1 and 2.4 hold and, moreover, that the
non-linear term G satisfies the following

Hypothesis 3.1. The non linear functional G : D(G) C H — H s locally
Lipschitz continuous and sublinear.

Note that, under Hypothesis 3.1 on the nonlinear coefficient G, it is pos-
sible to define the following constant

C(lz]) = Co(1 + |x),

such that
C(|z|) > sup G(z2).

|2|<]|

By definition, an implicit mild solution to (3.1.1) is a mean square con-
tinuous stochastic process u(t), t € [0,7], adapted to the filtration {F;}i>o0,

such that .

ut) = S(t)x + / S(t —9) G(u(®)) d9 + W(t),

where S(-) and Wg(+) are the the semigroup generated by A and the stochas-
tic convolution respectively.

Problem (3.1.1) is well known and it is studied by many authors; here
we remind the main result. Define C#([0,T]; H) to be the space of processes
u(t),t € [0,T], Fi-adapted, such that there exists a version of u with u(-) €
C([0,T); H). We can state the following

Theorem 3.2. Let us assume Hypotheses 2.1, 2.4 and 3.1. Then (3.1.1) has
a unique mild solution in Cx([0,T]; H).

The proof follows easily from a fixed point argument; see the proof of the
more general Theorem 4.4 that applies here with a = 1.
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3.1.1 Large deviations

To obtain a large deviation property for the family of laws of u.(-), we cannot
apply directly the contraction principle through (3.1.1), since we have not a
large deviation property for the cylindrical Wiener process W (-).

Instead we define ¥ : Zp — Zp as the solution functional that maps each
given trajectory z(-) of W(+) to the corresponding solution u(-), as follows

u(t) = St)z + / S(t —9) G(u(9)) A + =(t). (3.1.2)

We see that W maps solutions of the linear problem (2.1.1) on to solutions
of the non-linear problem (3.1.1).

We can, now, state the large deviation property for the family of laws
of uc(+).
Theorem 3.3. Suppose that the assumptions of Theorem 3.2 hold; then the
family of laws of u.(-) satisfies a large deviation principle with respect to the
rate functional

T

%/‘B_l[u,w) — Au(®) + G®)]|*d  forueR

0
400 otherwise.

where R is the the subspace of C([0,T]; H) given by

J(u) =

R= {u € C’([O,T];H))‘EIZ € L*(0,T;U) :

t t

u(t) = S(t)x + / S(t —9)G(u(9)) dd + /S(t — 1) Bz(V) dﬁ}.
0 0
We want to strength that the functional J is:
J()=1(T7'()).

Proof. We have that £ (u.(-)) = ¥ o £(y/ez(+)), so if we show that the bijec-
tion ¥ is continuous, the result follows from Theorem 2.10 and Remark 1.5.

Consider z;(-), zo(+) in Z7 and the corresponding solutions wu(+), us(+) of
(3.1.2). Suppose ||zl z; < Ko, then from Theorem 3.2 we have ||u;]|z, < K,
so without loss of generality we can consider GG globally Lipschitz.

Then from (3.1.2) there exists a constant C' such that

Jur — uellzp < Cllz1 — 22| 2,

and this ends the proof. m
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3.2 The case with dissipative non-linearity

Let H,U be separable Hilbert spaces, and £ C H a separable Banach space,
densely embedded in H as Borel subset. Let |-| and |||z be the norms
respectively on H and FE.

We assume the Hypotheses 2.1, 2.4, 2.26 and 2.27 hold. Now we assume
that G : D(G) C H — H is a nonlinear operator defined on a subset of the
Hilbert space H. We shall consider then (3.1.1) in the smaller state space E,
on which the operator G is well defined and continuous. This method requires
also that the initial condition takes values in the space F.

We are concerned with the problem

{due(t) = (Auc(t) + G(us(t)))dt + VeBdW (t), >0, (3.2.3)

u(0) =z € E.

Let us first give the definition of mild solution for (3.2.3): a predictable
H-valued process u(t), t € [0,T1], is said to be a mild solution of (3.2.3) if

T
P /|u(19)|§{d19 <too| =1, Pas
0

and, for arbitrary t € [0, 7], we have

u(t) = St)z + / S(t — 9)G(u(®)) dI + We(t), P-as.

0
We want to show that the laws p. = £ (u.) for ¢ > 0 of u. fulfill a large

deviation principle with respect to a suitable functional I.

Dissipativity of the non-linear operator

We have that G is a dissipative functional, i.e. the following Hypotheses hold:

Hypothesis 3.4. G : D (G) — H is a functional such that E C D (G) C H
and the part Gg of G in E is dissipative and uniformly continuous on bounded
subsets of E.

Let us recall some properties of dissipative mappings.
G : E — F is said to be dissipative if

e —ylle <|lz—y—a(Gx) - GW)|e, Vr,ye E Va>D0.
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To obtain equivalent definitions of the previous one, we introduce the
notion sub-differential of the norm in a Banach space E: a mapping (possibly
multivalued) o : E — E* such that

o(z) ={y € E": <xay>E,E* = ||lz[l&, [[yllp- = 1}

The following equivalence holds: G is dissipative if and only if for any
x,y € E there exists z* € o(x — y) such that

(G(z) — G(y),2") g < 0. (3.2.4)
In a Hilbert space (3.2.4) becomes
(G(x) —Gy),z—y)y <0, Va,yeD(G).

Under Hypothesis 3.4, G is maximal dissipative i.e. the following result
holds, see e.g. Da Prato & Zabczyk [26, Appendix D]:

Proposition 3.5. If Hypothesis 3.4 holds, then for any a > 0 and anyy € E
there exists a unique © = Jo(y) such that

r—aG(x)=y.
We define the Yosida approximations G, o > 0, of G by setting
1
Go(z) = G(Ju(2)) = a(Ja(x) —x), T€E€E, (3.2.5)
where
Jo(x) = (I —aG) (z), x€E. (3.2.6)

The following proposition describes the main properties of J, and G,.

Proposition 3.6. Let G : E — E be a continuous dissipative mapping, and
let J, and G, be defined by (3.2.6) and (3.2.5) respectively. Then we have:

I. J, s a contraction:
1Ja(@) = JaW)|lE <[l —ylle, Vo,y€FE,
and

lim J,(z) =z, Vz € FE,

a—0

1. G, 1s dissipative and Lipschiltz continuous:
2
1Ga(2) = Ga(y)lle <_llw —ylle, Vo,yel

and

[Gal2)| <|G(2)|e, YzeECD(G).
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3.2.1 Solution of dissipative stochastic problem on £

Here we give the following well known result:

Theorem 3.7. Assume Hypotheses 2.1, 2.4, 2.26, 2.27 and 3.4 hold; then
the problem (3.2.3) has a unique solution in C([0,T]; E).

Proof. Here we follow Da Prato & Zabczyk [26, Theorem 7.13]. First we set

v(t) = u(t) — (1),
where z(-) is a fixed trajectory of Wy (). Consider the following equation

t
v(t) = Sg(t)x + /SE(t —9)Gw@) +2(0))dY, z€E. (3.2.7)
0
Let us introduce, for any o > 0, the following approximating equation:
t
Va(t) = Sg(t)x + /SE(t — 0)Go(va (V) + 2(9))dY, z€E.

0

Since G, is dissipative and Lipschitz continuous, the previous equation has a
unique solution v € C([0,T]; E) for all z € C([0,T]; E). Moreover, it is easy
to check that

t

lva@®lle < ellzlls + /6‘”(“”9)IIG(Z(19))||E dv (3.2.8)
0

This shows that, z being fixed, the sequence {v,/(+)}4>0 is uniformly bounded.
To show the convergence of the approximating sequence, we set, for any
a, >0,
Ja,3 = Vo — Vg, Uq =7Vq+ 2, Ug=70g+ 2.

Then g, g is the solution of the following problem

{%ga,a@) — Apgap(t) + Galualt) — Galug(t)),
gozﬂ(o) =0
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Let 4 5 € 0(ga,5(t)), then we have

% < w[|gas(t)|| g+ (Galua(t)) — Galus(t)), yZ,ﬁ,t>E,E*

< wllgas®)lle + (Glua(t)) — Glus(t)), Yope) g e
+(G(Ja(ua(t) = Gua(®), Y1) s -
- <G Ja(ug(t))) — G(ugp(t)), yaﬁt>E E*

S wllgas®)llE + [G(Ja(ualt))) — Glualt))le
+1G(Ts(us(t))) — Glus(t)) || e

Now by (3.2.8) and recalling that G is bounded on bounded subsets of FE,
there exists R > 0 such that

[ua®)lle < R, [[Gua(t))le < R, Vtel0,T],Va e (0,1].
Moreover

[ a(ua(t)) — ua(t)]|z < | G(ua(t)) |2 < aR,

and so

1G(Ja(ua(t)) = Glua(®))lle + 1G(Js(us(t)) — Glus(t))lle
< K(aR) + K(BR),

where K (-) is a modulus of continuity’ of G restricted to B(0, R). From the
previous estimate we have

t

9050l < (K(aR) + K(3R)) [ e a, 3:29)

0

that yields the convergence of the sequence {v, }o~o in C([0,T]; E) to a func-
tion v. It is easily seen that v solves (3.2.7). The uniqueness follows taking
the difference of two solutions, and using the Gronwall lemma. m

From (3.2.8) it follows that the bound in (3.2.9) also holds when z is not
fixed but ranges into a bounded subset of C'([0,7]; E'). From this we have
the following.

tWe recall that any function K : R — R such that
L lim, o K(r)=0
. |G(z) -Gyl < K(lz—y|), Va,yeD

is called modulus of continuity of G restricted to D.
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Corollary 3.8. Suppose the hypotheses of the Theorem 3.7 hold, and suppose
|2(t)||e < M, for allt € [0,T], for a fized M € R. Then ||[v — va|lco,r;8)
does not depend on z, and we have

[o(t) = va(t) ]|z < 2K(04)£(€“’T —1) = K'().

with
K'(a) — 0.

a—0

Large deviations for the semilinear dissipative equation

Let us consider the following functional ¥ : C([0,T}; E) — C([0,T]; E),
defined as
U(z) =u, ze€C([0,T];E),

where u is the solution of the following control problem associated to (3.2.3):

u(t) = S(t)x + / S(t —N)Gu®)dd + =(t), te[0,T].  (3.2.10)

0

We want to prove that ¥ is an homeomorphism from C([0,T7]; E) into
itself.
We give a preliminary result

Lemma 3.9. Assume, besides the Hypotheses 2.1, 2.26 and 3.4, that G 1is
Lipschitz. Then V¥ is continuous.

Proof. Given two functions z, z; in C([0,7T]; E), we set u = ¥(z) and
uy = ¥(z). From (3.2.10) we have:

t

u(t) —u(t) = 2(t) — 21(t) + / Se(t = 0)(G(u(®)) = G(ui (1)) v

0

From Hypotheses 2.1 and 2.26, we have that ||Sg(t)|| < M,Vt € [0,T]; so
denoting with L the Lipschitz constant of G, we find

t
[u(t) = w(®)lle < Iz = z1llcqoryz + ML/ [u(9) = w (9| AV,
0

for all ¢ € [0, T]. Now the proof follows from the Gronwall Lemma. O
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Theorem 3.10. Assume Hypotheses 2.1, 2.26 and 3.4 hold. Then, ¥ is an
homeomorphism from C([0,T]; E) into itself.

Proof. From the proof of Theorem 3.7, we have that ¥ is a bijection from
C([0,T]; E) into itself. We first prove the continuity of ¥, then the continuity
of its inverse.

As before, let u = U(z) and u; = ¥(z1). Since we must prove continuity,
we can suppose, without loss of generality, that

max{||z — z1|lcqom:e): 12llcqom:e), |121llcqome} < C,

so the hypotheses of Corollary 3.8 are satisfied.

Denoting by u, and u, the solutions of the approximated problem, with
G replaced by its Yosida approximation G, corresponding to z and z; re-
spectively, we have

| — ualloqo.r;s < K'(a), w1 = vanlleqore < K'(@),

where K'(-) is the same as in the Corollary 3.8.
Since G, is Lipschitz, from Lemma 3.9 the theorem follows.

We can now prove the inverse. Let z = U~!(u) and 2; = ¥~ luy; again,
without loss of generality, we can suppose that

max{|lu — w1 ||cqoe)s [vlleqomn:e) |wlleqmne} < C.

So, from the continuity of u, u;, we have that the values of w;(t) and wu(t)
belong to a bounded subset D of E.
From (3.2.10) we have

I21(8) = 2(B)lle < llur — ulleqorye + M/ |G (ur(9)) = G(u(D))]|e dv.

Since the values of u, u; belong to D, we have that ||G(u1(?)) — G(u(9))| g
is uniformly continuous on [0,7] and the claim follows. So we have proved
that W is an homeomorphism. O

From Theorem 3.10, we can now prove a large deviation principle for the
solutions of the semilinear stochastic equation (3.2.3).

We denote with v, = £ (u.(-)) on the space C([0,T7]; E).
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Theorem 3.11. The family of measure {v.}.~o fulfills the large deviation
principle with respect to the following functional J:

J) = {5 JEIB7 ((9) — Agu(d) — G 09, ueR,

400 otherwise,

where R is the the subspace of C([0,T]; E) given by

3z € L*(0,T;U) :

R= {u e C([0,7); E))

u(t) = Sp(t)r + / St — 9)G(u(®)) do + / Sp(t — 9)Bz(9) (w}.

0

Proof. From the very definition of W it follows v. = ¥ o p,..

Since we have that J(u) = I(¥~!(u)), from Theorem 2.28, recalling that
U is an homeomorphism, we can conclude that the large deviation property
for v, holds. ]

3.2.2 Solution of dissipative stochastic problem on H

We are concerned with equation (3.2.3), on the space H under suitable as-
sumptions.
First of all let us recall some definitions.

Definition 3.12. G : D (G) C E — E* is said to be hemicontinuous if and
only if GG is continuous on the straight lines i.e.

G((1 =)z +ty) — G(z),

for all z,y € D (G) such that ((1 —t)x +ty) € D(G) for all ¢t € [0, 1]

Definition 3.13. G : D (G) C E — E* is said to be coercive if and only if

. (G(2),7)p
hm —_— = —
|| 5—o0 |z| g

Here we give two hypotheses that guarantee that G is maximal monotone.

Hypothesis 3.14. G : D(G) = E — H is dissipative, hemicontinuous,
coercive.
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Hypothesis 3.15. G : D(G) = E — H is dissipative, hemicontinuous and
it satisfies
(G(z),z)y <0, ze€D(G).
Theorem 3.16. If Hypothesis 3.14 or 3.15 holds, then G is maximal dissi-
pative in H
For the proof see Minty [44], Browder [12].
We will also assume:

Hypothesis 3.17. There exists 0 < k < 1 and ¥ : R — R, bounded on
bounded sets, such that

|G ()] < KlAx| +¢(lz]), +eD(A).

Let us first give the definition of generalized solution for (3.2.3): a pre-
dictable H-valued process u.(t), t € [0,7], is said to be a generalized solution
of (3.2.3) if and only if

T
P /|u8(19)|§{d19 <400 | =1,
0

and for an arbitrary sequence {x,}n,eny € F such that |z, — 2|y — 0 the
corresponding sequence of solutions u,, of (3.2.3) tends to u in C([0,T]; H),

Ve(t) = ue(t) — z:(t),
where z.(+) is the solution of the linear problem (2.1.1). Equation (3.2.3) can

now be written as
t

ve(t) = /S(t — )G (v (9) + z(¥)) dv. (3.2.11)
0
Let us prove the following

Theorem 3.18. Let us assume that Hypotheses 2.1, 3.17, and 3.1} or 3.15
hold then (3.2.3) has a unique generalized solution.

We are going to solve (3.2.11) pathwise, i.e. we claim that the following
equation has a generalized solution for all z € C([0,T]; H)

u(t) = Stz + / S(t— )Gu@)dd+ =(t), zcH  (3.212)
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The deterministic semilinear equation
We are going to prove that (3.2.12) has a unique solution u € C([0,T]; H)

for all z € C([0,T]; H).
Let us consider the following approximating equation

t

Ualt) = S(t)z + / St — 0)Ga(ua(¥)) d + 2(t). (3.2.13)

Since G, is differentiable and Lipschitz, (3.2.13) has strict a solution u,,
with u, € C([0,T]; D (A)), see Da Prato and Zabczyk [26, Appendix A].

First of all we prove the following Lemma.
Lemma 3.19. Let a > 0, 21,20 € C([0,T]; H), and uy,uy the corresponding
solutions of (3.2.13). We have

[ur (1) = us(1)] < e ]un (0) — uz(9)]
+w e — D2 — 2oy, YO<9<t<T. (3.2.14)

In particular we have
||U1 - U2||C([0,T];H) < wfl(ewjﬂ - 1)||21 - Z2HC([0,T];H)-

Proof. Since Go = £ (J, — I), from (3.2.13) we have

ur(t) — uz(t) = St — ) (w1 () — ua(V))
— l/S(t —0)(u1(0) —uz(o))do

«
9

t

+ l/s(t —0)(Jalui(0)) = Jo(uz(o))) do

«
¥

+ 21(t) — 2zo(2).
From the variation of constant formula, we have
ur(t) = up(t) = == S(t = 9) (ur(9) —ua(9))
t

b [T = 0)alur(0) Julua(o) do

v
t

+ / eSSt — 0)(dz1(0)— dza(o) — A(z1(0) — 22(0)) do).
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So, since J, is 1-Lipschitz

[ur (t) = uz(t)] < €@ (w1 (9) — ua(9))]

¢

1 -

+ o / =@y () — uy(0)| do
9

+ (|21 = 22lleqo.ry;m)-
Let us denote ¢(t) = e~ (=)@ y, (1) — uy(t)], then we have

t

1 e
p(t) < p(¥) + 5/90(0) do + e~ @2y — 2l ooy -
9

Thus, from Gronwall Lemma, we have

t
t—9 —
o) < €T 0(0) + 12— 2llogoan [ do
)

that gives

t

Jur (1) =z ()] < ™ fur (9) —ua (9) |+ | 21— 2| C([O,T];H)/e(to)(wal) do,
9

and we obtain (3.2.14). O
We can now prove the following

Theorem 3.20. Let us assume that Hypotheses 2.1, 3.17 and 3.14 or 3.15
hold. Then the equation (3.2.12) has a unique generalized solution in the
space C([0,T]; H) for all z € C([0,T]; H).

Proof. We shall prove the theorem in two steps. We first suppose that x €
D (A) C E and z € CY([0,T]; H), then we shall solve the general case.
Step I. Let G, be the Yosida approximator of GG, and let us consider
the solution u, € C([0,7];D (A)) of (3.2.13).
We want to show that the solutions u, tend to u in the space C([0,T]; H).
Let «, 8 be positive real numbers, let u, and ug be the solutions of
(3.2.13) for a and 3 respectively. Then, we have:

{% (ua(t) —up(t)) = A(ua(t) — up(t)) + (Galua(t)) — Galug(t)))
ua(0) = up(0) =0
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Taking the scalar product with wu,(t) — ug(t), we have:

LA i (t) = us() < wlat) — wus(t)P+

2dt
+(Galua(t)) — Galup(t)), ualt) — up(t)) .

From the definition of wu,(t) and ug(t), recalling the properties of resolvent
Jo, we have

(3.2.15)

alt) = () = (talt) = Juttalt)) + (Jatia(t) = Jsus(t)) + (Jous(t) — us(t))
= —aGaua(t)) + (Jatialt) — Jsus(t)) + BG(us(1)).

From G, (ua(t)) = G(Ja(ua(t))) we have:
(Ga(ua(t)) = Galup(t)), ua(t) — us(t)) =

= = (Galua(t)) — Gaus(t)), aGa(ua(t)) — FGs(us(t))) +
+(G(Ja(ua(t)) = G(Js(us(t))), Jaua(t) — Jaup(t)) .

Then, since G is dissipative,

(Go(ua(t)) = Glup(t)), ua(t) — us(t))
< —a|Ga(ua(t)]* = BIGs(us(t))*+
+ (@ + B)[Ga(ua())]|Ga(us(t))]

< HGalualt) P + J1Galus()

If we give a uniform bound C to |G, (us(t))], as in Lemma 3.22, we have

(Ga(ua(t)) — Galus(t)), ua(t) — us(t)) < %(a +5).
Then (3.2.15) becomes:
£ lalt) — s < wlual) —usP + Crlat B (3216)

Hence the sequence u,, converges uniformly to a certain u in C([0,T7]; H).

It follows that w is a solution to (3.2.12). The uniqueness of u is ensured by
a standard dissipative argument.

Step II. In the general case with x € H and z € C([0,T]; H), let us

consider a sequence z, € D (A) and a sequence z, € C'([0,T]; H). Denote

with u,, and w,, respectively the corresponding solutions to equation (3.2.12)
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and to equation (3.2.13). Fixed € > 0, from Lemma 3.19, we have that there
exists m € N such that

||uoz,n — Ua,m ||C([O,T];H)

S QWTlxn - xm| + w—l(ewT - 1)||Zn - ZmHC([O,T];H)) S

5

3 Y
for all n,m > 7. So, since the sequence u, , converges to u, in C([0,T]; H),
we have that there exists @ > 0 such that

3

£
|tan — Unllcqomm) < 3 Uam — Umllcqomm < 3

for all 0 < a < @. Then the sequence of u, is a Cauchy sequence that

converges to a certain u € C([0,T]; H), the generalized solution of (3.2.12).
[l

Corollary 3.21. The functional T : C([0,T]; H) — C([0,T]; H) defined by

['(2) = u, where u is the solution to (3.2.12), is continuous.
Proof. As in the Theorem 3.20, using the Lemma 3.19, we have for 2z, z5 €
c([0,T]; H)
I0(z1) = T'(22) leqo,rymy = llua — ualleqo.mm
<w e = Dz = 2lleqorym
that ends the proof. O

Thus, it remains to prove the following Lemma.

Lemma 3.22. In the settings of Theorem 3.20, in the particular case of
r €D(A) and z € CY([0,T]; H), there exists a constant Cy such that

|Go(ua(t)] <C, VYa>0,Vtel0,T]. (3.2.17)
Proof. First of all we shall proof that
d
’&ua(t)‘ < 02 t e [O,T],VQ’ > 0.

From the Lemma 3.19 we have

|ta(t +h) = ua(t)] < e“lua(h) —ua(0)]
+w (e =Dz + k) — 2()lcqorm- (3.2.18)
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By dividing by h, and letting h — 0, we have

-
dt

d
‘Eua(t)’ <e

a<o>] o (e — 1)) ooz,

Then, since

d !
Eua(o) = Az + G, (x) + 2'(0),

we have, recalling that x € D (A4),
d /
&UQ(O) < |Az|+ |G(z)| + |2'(0)| = Cs.

So,

‘E“a(”‘ < Cy+w (e = DI leqoym) = Co-

From this we have also |u,(t)| < CoT'; in-fact,

d

d
— <= <
(0] = | 0] < o

SO U (t) is uniformly bounded.

We can show now that Au,(t) is bounded for all ¢t € [0,7T],« > 0. Since
Uq is a strong solution of (3.2.13), we have u, € D (A). From this and from
Hypotheses 3.17 follows that

40a(0)] < | o 0] + Galual)] + 12

< Gy + |12l oqo,rysm) + 1G(ua(t))]
< Co + ||/ [lcqo.rmy + Kl Aua(t)] + P (lua(t)]).

So, recalling that 1 (|us(t)|) is bounded by a constant Cy since |u,| < T'Cy,
and that [|2'||c(jo,r;m) is finite, we have

Ca + |2 )+ C
| Aug (t)| < > + 12" lleqosrys 4

< - =Cs.

From this we have
|Ga(ua(t))] < |Ga(ua(t))] < kCs + Cy = C,

that ends the proof. n
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Large deviations

Let us consider the following functional ¥ : C([0,T]; H) — C([0,T}; H),
defined as
W) =u, e C(0,T) H),

where u is the solution of (3.2.12). From Theorem 3.20, we have that VU is a
bijection from C([0,T|; H) into itself, and, as stated in the Corollary 3.21, is
continuous.

We can now prove a large deviation principle for the solutions of the
semilinear stochastic equation (3.2.3).

We denote with v, the law of u.(-) on the space C([0,T]; H).

Theorem 3.23. Let us assume that Hypotheses 2.1, 3.17 and 3.14 or 3.15
hold. Then, the family of measure {v. }.~o fulfills the large deviation principle
with respect to the following functional J:

3 0o 1B7 0 (0) = Au(9) = Gu(@)fy 40, ue R,
J(u) = :
+00 otherwise,
where R is the the subspace of C([0,T): H) given by

R :{u € C([0,T]; H))|3z € L*(0,T;U) :

t t

u(t) :S(t)x+/5’(t—ﬂ)G(u(ﬁ))dﬂ—f—/S(t—@?)Bz(ﬁ) dﬁ}.

0

Proof. From the definition of ¥, we have that v. = Wopu,, the image measure
of the measure pi. through ¥, and we have that J(u) = I(¥~!(u)).
From Theorem 2.10, since ¥ is continuous, the theorem follows. O]
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Chapter 4

Large deviation for the
Volterra semilinear problem

In this chapter we shall concern about the generalization to the semilinear
problems of the previous chapter, to Volterra equations.
Here and in the remaining of the section we denote with S(-) the resolvent
associated to a, A, as in (2.5.11), instead of the semigroup generated by A.
We shall need two different assumptions on the kernel a. In the first case
we assume the Hypothesis 2.22 to hold, in the second case we shall assume

Hypothesis 4.1. The kernel a : ]0,T] — |0, 4o00[ is completely monotone,
a€ L (0,T), and there exists a Bernstein function k(t) = ko + fot k1(9) dd

loc

associated to a(t), the relation between a(t) and k(t) being given by
t
koa(t) + /k:l(t —D)a(¥) dd =1, te[0,7].
0

Remark 4.2. We point out that the two hypotheses are overlapping only for
constant kernels, that is non Volterra case, since for instance the first allows

a(t) = % with a € [1,2), while the other imposes « to be in (0, 1].

4.1 The case with Lipschitz non-linearity

We consider here the Volterra equation:
t
u(t) =z + / a(t — 9)[Au(P) + G(u())] d¥ + BW (t), (4.1.1)
0

with z € H, t € [0, 7).
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Definition 4.3. The mild solution to (4.1.1) in H is the solution to the
stochastic integral equation

u(t) = S(t)x + a(0)(S * G(u))(t) + (S *xa' * G(u))(t) + We(t). (4.1.2)

We can state now the following theorem of existence and uniqueness for
the following problem (see the author & Bonaccorsi [8]).

Theorem 4.4. Let us assume Hypotheses 2.1, 2.18, 2.22, 2.19 and 3.1. Then
equation (4.1.1) has a unique mild solution in Cx([0,T]; H).

Proof. Define v(t) = u(t) — z(t), t > 0, where z(-) = W¢(+), and note that
(4.1.2) can be written as

v(t) = S(t)x +a(0)(S*Gv+2))(t)+ (S*xd *Gv+2))(t). (4.1.3)

We are going to solve the previous equation pathwise, since Wg(:) has

H-continuous trajectories.
Set Zr = C([0,T]; H) and moreover

L(v)(t) = Stz +a(0)(S * G(v + 2))(t) + (S * a’+ G(v + 2))(1).

Since G is continuous on H, a’ is continuous in time and S is strongly
continuous, I'(-) maps Zr in Zr.

Using a fixed point argument, (compare the proof of Theorem 7.10 in
Da Prato & Zabczyk [26]) it is possible to show that, for Ty small enough,
there exists a unique mild solution on [0,Ty]. To obtain global existence, it
is sufficient to prove that |v(-)| remains bounded.

Let us take the norm in (4.1.3):

lo(t)] < [S(t)z|+ a(0) [(S* G(v+ 2))(t)] +|(S*d «G(v+ 2))(t)].
From the assumption on S(-) the following estimate holds:

|S(t)x| < Mlx|, vVt € [0,T];
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the convolution integral is bounded by:

t

rw*d*ew+w»wmzf

0

S(t—r) /a’(r —5)G(v(s) + z(s))ds|dr
< M//a'(r — 5)dr|G(v(s) + z(s))| ds

< M/ (a(t — s) — a(0))|G(v(s) + z(s))| ds

0

Swﬂﬂu/ﬁﬂwﬁ+dﬁﬂ®

< 2M|\a|!oo/0(|2(s)|)[1 + |v(s)l] ds

t

< 2MC(||Z||ZT)||a||oo/[1+Iv(S)I]dS;

0
finally the middle term is bounded by

t

smmMomﬂ%)/u+wwmdr
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Summing up the above computations we get

[o@)| < Mlz| + tMC(||2]l2:) 2l allo + a(0))

+ MC(]|2] 2, ) (2l]alloo + a(0)) / [v(s)] ds.

Therefore, from Gronwall Lemma, |v(¢)| is bounded on [0,7] by a constant
that depends on z, T', M, a and that depends on z only through its norm in
Zp. [

4.1.1 Large deviation in the Lipschitz case

In order to examine the large deviation associated to the solution of the
problem (4.1.1) we replace, here, the operator B with /B, leading to the
equation:

u(t) = o + /a(t — 9)[Au.(9) + G(u(9))] dd + VeBW (t),

0

forx e H,t €[0,T].
We define ¥ : Zr — Zr as the solution functional that maps each given
trajectory z(-) of Wg(+) to the corresponding solution u(-), as follows

u(t) = Sz + a(0)(S * G(u()(t) + (S * d' * Gu()(t) + 2(£). (4.1.4)

We see that U maps solutions of the linear problem (2.5.9) into solutions of
the non-linear problem (4.1.1).
We can now state the large deviation property for the family of laws of

ue ().

Theorem 4.5. Suppose that he assumptions of Theorem 4.4 hold. Then
the family of laws of pe = £ (u.(+)) satisfies a large deviation principle with
respect to the rate functional

J(w) 5 [ 1B 00) = a0)(Auv) + Gu(0)) forue R
—d' % (Au+ G(u)()][* dv
100 otherwise,

\
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where R is the the subspace of C([0,T]; H) given by
R= {u e C([0,T]; H))|3z € L*0,T;U) : u(t) = S(t)x
+a(0)(S * G(u))(t) + (S *a * G(u))(t) + (S * Bz)(t)}.
As before we have

J()=1(T7().

Proof. We have that p. = Uo £ (y/e2(+)), so if we show that the bijection ¥
is continuous, the result follows from Theorem 2.10 and Remark 1.5.
Consider z(+), 22(+) in Zr and the corresponding solutions u; (), us(+) of
(4.1.4). Suppose ||z;||z, < Ko, then from Theorem 4.4 we have ||u;||z, < K,
so without loss of generality we can consider GG globally Lipschitz.
Let us define v;(+) = u;(+) — z;(+). Then we have

[v1(t) — va(t)] < [a(0)[(S * G(v1 + 21))(t) — (S * G(va + 22))(2)]]
+ [(S*xa' *G(vy + 21))(t) — (S xa' * G(vy + 29)) ().

As in Theorem 4.4, from Lipschitzianity of G, we have

t

[v1(t) — va(t)] < |a(0)|ML/ (lo1(s) = va(s)| + [21(s) — za(s)[) ds

0
t

t2MallL [ (Jon(s) = 0a(5)] + [aa(s) = a(o)]) d

< ML(Ja(0)] + 2]all.c) / [01(s) — va(s)] ds

+ ML(|a(0)] + 2[[alloo)l[21 — 22[|z¢
So from Gronwall’s lemma we have
o1 — val 2z, < K21 — 22l 205

since u;(-) = v;(+) + 2;(+), this ends the proof. O
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Remark 4.6. As in the linear case the rate functional is related to the control
system given by (4.1.4), so it is possible to give the following definition for
the rate functional in terms of z:

T
1
J(u) = inf 3 / |z(9)|*d¥ : z such that (4.1.4) has solution u
0

and this formulation brings us again to interpret J(u) as the minimal “en-
ergy”, given by the forcing term z, to allow the system to remain in u.

Opposite to the linear case considered in Remark 2.25, in the nonlinear
case, even for a ordinary differential equation, the rate functional J defined
above does not coincide with the Onsager-Machlup functional, compare for
instance Bardina et al. [4].

4.2 The case with dissipative non-linearity

As before we are concerned with a Volterra generalization of previous problem
as follows:

t
u(t) =x + / a(t — ) [Au(9) + G(u(9))] dv + BW(t). (4.2.5)
0
Here we assume that Hypotheses 2.18, 2.19, 2.26, 2.27, 4.1 and 3.4 hold.

To solve the problem (4.2.5) as usual we define v(t) = u(t) — Wg(t) and
note that for the E-valued process v(t), (4.2.5) may be written in the form

t ¢
v(t) =2 — /a(t — 9)Av(0) d9 + /a(t —9)G(Y) + 2(¥))dd, (4.2.6)
0 0
where z(t) = Wg(t) € C([0,T]; E) is a trajectory of the stochastic convolu-
tion process.

Since a(t) is a completely monotone kernel, if we introduce the linear
Volterra operator

Lu(t) = % [kou(t) + / Fu(t — 9)u(®) dﬁ], te0,7],
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it is possible to rewrite (4.2.6) as an equivalent integro-differential problem:

Liv —z](t) + Av(t) = G(v(t) + 2(t)),
(4.2.7)
kov(0+) + (k1 % v)(0+) = kox.

We arrive, therefore, to a (family of) deterministic equation (depending on
w) in a real separable Banach space F, that we shall study via the techniques
of integro-differential Volterra equations.

Theorem 4.7. Assume that E is a real Banach space and let the coefficients
in (4.2.6) satisfy Hypotheses 2.18, 2.19, 2.26, 2.27, 3.4 and 4.1. Then, for
any x € D (A), there exists a unique generalized solution v(t) to the abstract
non-linear Volterra equation (4.2.7).

Then, we shall say that u(t) = v(t) + Wg(t) is a generalized mild solution
to (4.2.5) in C([0,T]; E).

The complete proof of this theorem is beyond the scope of this thesis, so
we briefly recall the ideas in the author & Bonaccorsi [7] that lead to the
proof.

The problem under consideration is the following Volterra integral equa-
tion

Liv —z|(t) + Av(t) = F(t,v(t)); (4.2.8)

in our case F(t,v(t)) = G(v(t) + z(t)) The problem was introduced since the
early 1970s in the case where F'(t,v) = f(t); this case, that we shall call the
“inhomogeneous problem” is an important step also in our construction.

The next step in the literature is to consider functional perturbations of
such problem, see for instance Crandall & Nohel [24] or Gripenberg [38]. In
the author & Bonaccorsi [7], we consider perturbation operators acting on
E, but we can allow such operators to be non-autonomous. The study of
(4.2.8) with the operator F(t,v) is based on the results for the inhomoge-
neous problem F' = f(t) and a fixed point argument; this should justify the
appellative of “perturbation term” given to F'(t,v).

Volterra operators
We first discuss some properties of the linear Volterra operator

t

Lo(t) :% kou(t) + / bt —O)(@)dd|, >0, (4.2.9)
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with domain
D (L) = {f € L((0,+00); E) | kof + (k1 + f) € W((0, +00); )}

The operator L is m-accretive in LP((0,400); E), for any 1 < p < oo, and
densely defined, see Clément [18], Proposition 3.2. There is a natural repre-
sentation of its inverse operator L™! in terms of the kernel a(t).

L~Y(t) = / alt — 9)o(¥) dd. (4.2.10)

Now, we focus, for a moment, on the explicit form of the Yosida approx-
imation L, = L(I + p~'L)~'. The following result is proved in the author &
Bonaccorsi [7].

Lemma 4.8. The operator L, = L(I + p~'L)~! is given by

L,(t) = /L%(U *5,)(t). (4.2.11)

Inhomogeneous problem

We consider the inhomogeneous problem
Liv — z|(t) + Av(t) = f(¢). (4.2.12)

In order to define a generalized solution to (4.2.12), we shall consider
an approximate equation, where the operator L is replaced by its Yosida
approximation L,, u > 0. Let v, be the solution of the following equation

Lufou() — 2](t) + Av,(t) = f(2). (4.2.13)

In the next theorem, we establish the existence of a generalized solution of
(4.2.12).

Theorem 4.9. Assume that the coefficients in (4.2.12) satisfy, 2.26 and 4.1,
and let © € D(A) = E and f € C([0,+00); E). Then, for every p > 0
(4.2.13) has a unique solution v,(-) € C([0,+00); E).

As 1 — oo, there exists a function v = U(x, f) with v € L{ ((0,+00); E)
such that v, — v in L .((0,+00); E).

If x € D(A) then the convergence takes place also in L2.((0,+00); E)
and the limit function v belongs to C([0, +00); E).

The function v = U(z, f), that exists according to Theorem 4.9, is called
the generalized solution for problem (4.2.12).
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Non-autonomous perturbations

Now we return to (4.2.8). Before we discuss the case of dissipative non-
linearities, which is the object of Theorem 4.7, we shall consider the case of
a Lipschitz non-linearity. We shall say that v(t) is a generalized solution of
(4.2.8) if v =U(x, F(-,v)).

Theorem 4.10. Let the assumptions of Theorem 4.9 be fulfilled and assume
that the nonlinear term F : [0,T] X E' — E is a continuous function, and that
there exists a function n(t) € Lis.(0,4+00) such that, for any t € (0,400),

loc
(2, v1) = E(t o)l < n(®)]|vr — vall. (4.2.14)
Then there ezists a unique generalized solution to (4.2.8)
Llv() = 2](t) + Av(t) = F(t,v(t)),
te(0,400),  v(0+)=u.

Let us give an idea of the proof of Theorem 4.7. Preliminarly, we notice
that, in our setting, we consider as non-autonomous perturbation F'(t,v(t))
the function F(v(t) 4+ z(t)); next, we introduce, for any a > 0, the approxi-
mating equation

L(vy — 2)(t) + Ava(t) = Fo(va(t) + 2(1)), (4.2.15)

where F,(-) are the Yosida approximations of F(-). Since F, is Lipschitz
continuous and bounded in norm by F', we obtain an a priori estimate for
the approximating solution v,/(+) as follows:

[va (B < s () ]| = i(r—w S FACIONIE

This assures that the sequence {v,(+)} is bounded uniformly in «.

To show the convergence of the sequence, we set, for any «, 3 > 0,

g™ (t) = va(t) — vs(1),

and we estimate the relevant norm with techniques analogous to those used
in the proof of 3.7, based on the a priori estimate of ||v,(-)|| and dissipativity
of F. Thanks to a convolutional Gronwall lemma (see for instance the author
& Bonaccorsi [7]), we obtain

lg™ @) < lpr(3R) + pr(FR))(a* s-u) (1),
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where pp is the modulus of continuity of F(-) on the bounded set B(0,2R).
This yields the convergence of the sequence v,(t) in C([0,7]; E) to a

function v, which is easily seen to be the unique generalized solution for

problem (4.2.7). O
We conclude this section with a last remark about equation (4.2.8).

Remark 4.11. Notice that we are concerned with a continuous and m-dissi-
pative operator (G; however, since this term is non-autonomous, we cannot
consider the sum (A — G) as a unique operator, even if we assume that
(—A + @) is m-dissipative.

Now we can focus on the transfer functional W that associates the tra-
jectories of the stochastic convolution process to a solution of the nonlinear
problem (4.2.7).

We may be more precise on the regularity of W;

Theorem 4.12. Suppose that the assumptions of Theorem 4.7 hold. Then
the functional ¥ : C([0,T); E) — C([0,T]; E) that associates a trajectory of
the stochastic convolution process to the solution of (4.2.7) is continuous.

Proof. Our argument is divided into two steps. In the first step we suppose
that the non linear term F' is locally Lipschitz on F, while in the second we
prove the theorem in the general case.

Step I. Let 2(t) be a continuous function on E; since we want to
show that ¥ is continuous at the point z; of C([0,7T]; E), we can restrict
ourselves to a bounded neighborhood B around z;. Then, since F' is lo-
cally Lipschitz, we can suppose, without loss of generality, that F'is totally
Lipschitz on B, with Lipschitz constant equal to A.

Let zo belongs to B and denote by v; = W(z1) and vy = W(z9) respec-
tively. From definition of generalized solution, we have that there exist two
sequences vq,,, V2., such that

Vi — v; € Ly, ((0,+00); E) N C((0, +00); E), i€ {1,2},

loc

and

Lyy(uig = 2)(8) + Avi (1) = F(ui(t) + z(1)), ie{1,2}.
Then subtracting term to term we have

Lyy(uip = 02,u) (1) + A(v1,u(t) = vau) = F(ui(t) + 21(1)) = F(va(t) + 2(1)).
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Choose an element y* in the sub-differential d|jvy ,(t) — v2,(t)]]; taking
the scalar product of both members in previous equation with y*, we have

(Ly(viy —v2,0) (1), ") + (Av1u(t) — va,u(t)), y")
= (F(vi(t) + 21(t)) — F(va(t) + 22(t)), ") -

Recalling the definition of L,, we get

p(lo100) = 2, Ol = (o1, = e, O] 7, (1))
= wlonut) = o2, Ol < Allr(8) = va(0)]| + 122(8) = ()]

From this equation we obtain an estimate on the norm ||vy ,(t) —v2,(t)| via a
convolutional Gronwall lemma (see the author & Bonaccorsi[9, Lemma 4.1]):

d

[01,(8) = v2u(B)]] < A

(57 Doy = wall + 121 = 22ll] # 5,

sk [(lon = vall + 121 = 2] * 50, ) (1)

where w,, = .
n—w

Since, passing to the limit 4 — oo, we have ((a + ') * s_,,)(t) —
(a*s_,)(t), we obtain:

Jon(t) oot < A (0% [(lor = eall + 122 = 2] 5-.) (),

that becomes
lor(t) = v < A(a [llor = eall + ll21 = 0] ) (2
= A(ax [llor = wall + 1121 = =0]) ()
A (=L [llon = vl + ll2 = 2211 ) (1)

= A(=Lrw* [lvr = sl + 121 = 201]) ).

Now since —%T_w(t) is a completely monotone kernel, we can apply again
the convolutional Gronwall lemma and we have:

i (t) = v2()I] < (=7 * [l21 = 22[1) (8),

where 7_, () satisfies



Since —r_(t) < —r_(u4a)(t) for all t > 0, we have

19 (20)(8) = U(22) ()] < (—r-@sa) * [l21 — 22) (1) (4.2.16)

Therefore ¥ is continuous in the Lipschitz case.

Step II. In the general case we can approximate F' with its Yosida
approximations F,. So, denoting with ¥, the functional corresponding to ¥
in (4.2.7) with F, in place of F', we have:

[W(z1) = W(22) || < [[¥(z1) = Palz)]]
+[[Walz1) = Wa(22) ]| + [[Walz2) — U(22)].

Remark 4.13. Since the a priori estimate of solution v(¢) to Theorem 4.7
depends on the function z(¢) only via its supreme norm, we have that also the
coefficients involved in the proof of the theorem depends “only” on supreme
norm of z(t) (see author & Bonaccorsi[7, Theorem 4.1]).

Then, we can state that from Theorem 4.7 for all € there exists a o small
enough such that

[W(21) — Walz1)] <,

[Wa(z2) — W(z)]| <e,

for all z;(t), 22(t) in the same bounded set of C([0,7]; £'). Now continuity of
U follows from continuity of W,. m

4.2.1 Large deviations in the dissipative case

We shall consider now problem (4.2.5) with B replaced by /B, and the
family of its solutions u.(t). We denote by v. = £ (u.) the law of u.(-) on
the space C([0,T]; ). From Theorem 4.12, via the contraction principle, we
prove

Theorem 4.14. Suppose that the assumptions of Theorem 4.7 hold and that
E is densely and continuously embedded in H as Borel subspace. Then, the
family of laws v, satisfies the large deviation principle with respect to the
following explicit functional J : C([0,T]; E) — [0; +00]

%/’B_li[u(ﬁ)—i—(a x Au)(9) — (a * G(u))(@?)”g dv
J(U) = 0 fOT' = E (4217)
+00 otherwise,
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where R is the subset of C([0,T]; E) defined as

R= {u e ([0, T]; B) ‘ 3g € L2(0,T; H) : u(t) = S(t)z

t

/S(t —9) (a* G(u))(9)dd

0

t

+/S(t—v9)Bg(19) dﬁ}. (4.2.18)

0

L4
d¢

Proof. We have that v. = W o ., where by Theorem 4.12 the functional ¥
is continuous. Thus, from a slight variation of Theorem 2.28, due to the
Volterra case and the different hypotheses on a, the family of laws v, has
the large deviation property with respect to the functional J = W~(7).
Eventually the result follows since the definition of W implies that J has the
explicit formulation (4.2.17). O
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Chapter 5

The exit problem

In this chapter we consider the following semilinear problem, already consid-
ered in the Section 3.2:

du(t) = Au.(t)dt + G(uc(t))dt + \/eBdW (t), & >0,
u:(0) =z,
and the related control system:
S fTA(t) = AfPA(t) + G2 (1)) + Bz(t),
f2#(0) = z.

We assume in this chapter that G(0) = 0 so that in the case z = 0, 0
is an equilibrium point for the control system. Moreover, we impose that
there exists an open bounded neighborhood D C E of 0 which is uniformly
attracted to 0 by (5.0.1) in the case z = 0:

Hypothesis 5.1.
Vr >0, 3T > 0, such that ||f*°@t)|| < r Vi >T, x € D. (5.0.2)
Note that ug(-) = f*°(-). So the Assumption 5.1 means that

(5.0.1)

lim ug(t) = 0.

t——+o0

However, for € > 0, the behavior of u.(t) will be totally different due to the
influence of the additive noise: the solution u.(t), starting from inside D will
eventually reach the boundary 0D.

To see this denote by 7%¢ the exit time from D of the process u.(t)
originating in x:

7 =1inf{t > 0| u.(t) € D% u(0) = z}. (5.0.3)

Now we can prove the following result.
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Proposition 5.2. If the process BW (-) is not identically 0, then for arbitrary
r €D ande >0, E[r%°] < +0c0.

Proof. We can assume that D = {x € F | ||z|| < R} for some R > 0 and that
G is a bounded transformation. Since the process BW(+) is non degenerate,
there exists ¢ € E*, ||¢||g= = 1, such that the one-dimensional Gaussian
variable p(1W¢(1)) is non degenerate. Define

¢-(x) =P(r%° > 1),

and note that
¢:(z) < P([[lu:(1)[| < R) < P(lp(uc(1))] < R).
Since GG is bounded, there exists R; > 0 such that
o(ue(1)] = Velp(Ws(1)| = Bi,  P-ae..
It follows that

a(2) <P (JWs(D)| < B8) = p. <1, VaeD.

Moreover, for arbitrary £ =0,1,2,...
P(r*° > k+ 1) =P(A; N By),
where
A ={]|us(t)|| < R,Vt € [0,k]} € Fy,

By, ={||u.(k + s)|| < R,Vs € [0,1]}.
It follows that
P(r"¢ > k+1) = E[E[I4, N1Ip, | Fi]] = E[14,E[I5,| F]] -
On the other hand
E [Ig,| Fi] = E [Lu. (k4-yer| Fi]

where
I'={feC([0,4o0; E) | [ F(O)| <R Vt€[0,1]}.

By the Markov property of solution (see Da Prato & Zabczyk [26, Corol-
lary 9.13])
E [Lu. (b4-yer| Fr] = ¢-(ue(k)) < p..
Consequently, by induction, we have
P(r™¢ > k) <pf, k=0,1,2,....
Therefore it easy to show that
E[r*] <1/(1 = p.).
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5.1 Exit rate estimates

It is intuitively clear that

lim E [7%¢] = +oc.
€l0

In this section we will calculate the rate of divergence in the previous
equation. To achieve this we will use the following exponential estimates
obtained applying Proposition 1.6 and Proposition 1.7 to Theorem 3.11. Let
us define

K3(r) = {f € COTLB) | £ = £ S ellisoman < 7).

Let Ry > 0,79 > 0 and 7" > 0 be numbers such that all sets K7(ry), and
{llz|| < Ry} are contained in a bounded subset of C'([0,T]; E)). Then

1. V6 > 0, Vy > 0, dgo > 0 such that Ve €]0, e[, Vo € E with ||z] < Ro:
P(deqporye) (e, KE(r)) < 8) > 1 —e =077, (5.1.4)
1. V5§ > 0, Vy > 0, 3¢ > 0 such that Ve €]0,&[, V2 € L?(0,T;U)

satisfying (z[| 20 < g, Vo € E with |z]| < Ry

Pl sup [luep(t) — 2 (1) 1 < 8] > ¢ H (R HOR) 5 5)
te[0,T

We define
T
€ = inf {% / |z(19)|2d19) fO’Z(T) € (E)C,T > 0}.
0

We will call € the upper exit rate.
For any r > 0 let

T
e, = inf {% / ]z(ﬁ)|2d19‘ fo3(T) € (E)C,T >0, [|z| < 7“}.
0

We call the number

e = lime,
|0

the lower exit rate. Note that we have always e < e.
The main result of this section is the following theorem. In its formulation

we set
D’ ={x e D| f°(t) € D,vt > 0}.
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Theorem 5.3. We assume that the Hypotheses of Theorem 3.11 and 5.1
hold. Then we have

limsupelogE [r%°] <€, r €D, (5.1.6)
el0
limlg)nfglogE [T%°] > ¢, r e D (5.1.7)

Theorem 5.3 is a generalization of finite dimensional results due to Freidlin
& Wentzell [35]. The presentation follows Zabczyk. [61, 62].

Proof. Without loss of generality, we can assume that G is globally Lipschitz,
with constant L and that ||S(¢)|| < M, Vvt > 0.

Step I. Proof of the estimate (5.1.6). Let us fix a control Z such
that f%* € (D)“. Tt is enough to show that

N | —

limsupelogE [7%°] <
el0

T
/]2(19)|2d19 =
0

It follows, from the continuous dependence on initial data of the solution of
(3.1.2), that there exists two positive numbers d;, do, such that

|z < 6 = dg (f7*(T),0D) > 6.

Since

P(r* < T) > P ( sup [u(t) ~ (1) < 62) ,

tel0,T

from (5.1.4) one obtains that, for any v > 0, there exists g > 0 such that
for all £ €]0,¢¢[, and x € E with ||z| < 0,

G(x) =P(r°° < T) > e~ ()

Taking into account Hypothesis 5.1 and the continuous dependence on initial
data of solutions of (5.0.1), one can find positive numbers 73 and p; such that

P([luc(T)]| < é1) = p1,

for all z € D and all sufficiently small € > 0. Consequently, by the Markov
property, we obtain that

P(r** <T+1Ty) > ]P[(HuJTQH <6)N(Fs€[0,T] | u(T1 + s) € 0D)]
> E [ge(ue(T1))] 1{jjuc ()| <o1}
> e 2 PP(||ug(T1)]| < 61) > pre <7+,
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for x € D, or, equivalently,
P(r"c >T+T) <p=1—pe ) zeD,
By successive applications of the Markov property, we have
P(r™¢ > k(T +T)) <p*, k=0,1,2,....

Then, we have,

i 1 "
E < — 1 g(TJF’Y).
|:T + T1:| - 1 —Pp P €

Thus,

limsupelogE [77°] < 7 4 ~;
el0

since «y is arbitrary, we have (5.1.6).

Step II. Proof of the estimate (5.1.7). Fix v > 0, choose r > 0 such
that e, > e—~ and fix 0 < 1y < r. We shall show that estimate (5.1.7) holds
in the case ||z|| = r. Define

o =inf {t > 0| |luc(t)|| = r, ||uc(t1)|| = ro for some ¢; € [0,¢]}.
We shall show first that there exists £; > 0 such that, for all € €]0, &],
pi(r) =P(0™ < 7) > 1—e =@ for [z =1 (5.1.8)

Note that
pi(ac) - P(H“E@)H = ry, for some t < Tm’g).

Then,
¢i(z) = 1= pi(2) = P(fuc(t)]| > ro, vt < 7).

For arbitrary 7" > 0, we have therefore
¢i(x) <P(r™ <T)+Plu(t) € K,Vt € [0,T]) = P, + Py,

where K = DN {z € E | ||z]| > ro}. From Lemma 5.4 below, there exists
go > 0, such that )
Py <e =@ e e]0,e].

It remains to estimate P;. Let us remark that, again by (1.1.7) applied
to our case, and by the definition of e,,

P(r¢ <T) < P(deqoe) (ue, K7(e;)) > 5) < emeler=),
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for all sufficiently small ¢ and = € D such that ||| = r. In this way the
proof of (5.1.8) is complete.
We will generalize the estimate (5.1.8) and show

pi(x) =P(op" < 75) > (1 — e sk, (5.1.9)
for |z| =7, k=0,1,2,..., where o5° = 0, and
Oy = b {t > 0" [ Jue(t)l| = r,3t1 € [0, 1] « [Jue (1) ]| = ro}-

However, by the strong Markov property,
P () =E |p1(ue(07) L ope crocy |
>(1— e HBot < 77), =,

so the generalization (5.1.9) follows by induction. Let Cj = {oy° < 7%},
then by (5.1.9) we have

P(Cy) > (1 — e =)k,
Let moreover

{inf{s >0 | luc(oF" + ) — uc(0F%)| > T2} if 07 < o0,
S =

+00 otherwise
It is clear that on Cy \ Ciiq
o

and, therefore,

T > B {(so+ -+ sk)lonce) Z]E sklcy).
k=0

This finishes the proof of (5.1.7) for any « € D such that ||z|| = r.
If now z € D° then there exists p €]0, 1] and Ty > 0 such that
P(uc(t) € S for some t € [0,T3]) > p,

where S = {x € D | ||z|| = r}. Using the strong Markov property one
obtains immediately

pr(x) > p(l — e’é(‘”’”))k, k=0,1,2,....

So by the above argument (5.1.7) follows in the general case. [
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Lemma 5.4. Assume that ]ﬁ/pothesis 5.1 holds. Then ¥rq > 0, VL > 0,
Jeo > 0 such that Ve € K = DnN{z € E| ||z|| > ro}, Ve €]0,&0]:

P(u.(s) € K, forse€[0,T]) < e <. (5.1.10)

Proof. Let K; be a ¢ neighborhood of K, ¢ < . There exists 71 > 0, 0 > 0
such that, if ¢ > 71 and x € K, then [|w®(t)|| < 7.

Let z € K, z € L*(0,T;U) be a control such that f**(s) € K;, Vs €
[0,7}]. If My = ||B||, then

[w*(t) = [ (0] < ML/ [w*(9) = f2* ()] v + MM1/|Z(19)|d197

consequently

2

T

T 1

3 < () = f22(0)] < M MMT / EOIRT
0

and

Ty 9
1 To 1
— [ |z(0 2d19>( T‘?eMLT1> = M,.
20/’ W) dv = SMM, ! 2

By a simple induction argument, we have that, if f**(t) € K, for all t €
[0,4T1], for some j =1,2,..., then

FEA

1 .
0

Let us remark that, if T'= j77 > 2L, then
P(u.(s) € K, for s € [0,T]) < P(deo,mm) (ue, K7(2L)) > 22).

Taking into account again (1.1.7), we can find €9 > 0 such that (5.1.10) holds
for € €]0,e0[ and all x € K. This finishes the proof of this lemma. O

5.2 Exit place determination

A closed set C' C 9D is called an ezit set for the problem (3.2.3) and set D
if for arbitrary 6 > 0 and all = sufficiently close to O:

lif(r)ﬂP’(dE (ue(7%°),C) > 0) = 0.
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It turns out that for a large class of problems and domains D one can
often find an exit set occupying only a small portion of the boundary 9D.
We will introduce a family of exit sets which have a useful control theoretic
interpretation and are sufficiently small.

Define for x € E, T > 0 and r > 0

T

/ lz()Pdy <r

0

Yi(r)=clRye E:y= f"(t),tel0,T],

N | —

ﬂr):cl{uv%(r)}, r>0,T>0 z€F.

T>0
Set
Cr=cyedD:dp |y |J v E+r) | <r
Jall <7

Note that Cj is exactly the closure of the set of all elements of 0D which can
be reached from 0, by the system (5.0.1) in the case z = 0, with the minimal
possible energy €. In several cases it is possible to show that (,.,C, = Cj.

We shall state, without proof, that for » > 0 the sets C,. are exit sets. This
is an extension of a finite dimensional result due to Freidlin & Wentzell [35].

Theorem 5.5. Under Hypothesis 5.1, for all v > 0 and x € D°,

liﬂ)l]ID(uE(T””’e) €C,) =1

fWith cl {T'} we denote the closure of T
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