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EXPONENTIAL INEQUALITIES FOR EXIT TIMES FOR STOCHASTIC
NAVIER-STOKES EQUATIONS AND
A CLASS OF EVOLUTIONS

PO-HAN HSU AND P. SUNDAR*

ABSTRACT. Exponential estimates for exit from a ball of radius r by time T for
solutions of the two-dimensional stochastic Navier-Stokes equations are first de-
rived, and then studied in the context of Freidlin-Wentzell type large deviations
principle. The existence of a similar estimate is discussed for a suitable class of
stochastic evolution equations with multiplicative noise.

1. Introduction

The stochastic Navier-Stokes system has been an important and active area
of research, and has received considerable attention in recent years. The in-
troduction of randomness in the Navier-Stokes equations arises from a need to
understand (i) the velocity fluctuations observed in wind tunnels under identical
experimental conditions, and (ii) the onset of turbulence. Random body forces
also arise as control terms, or from random disturbances such as structural vi-
brations that act on the fluid. It was originally the idea of Kolmogorov (see
Vishik and Fursikov [12]) to introduce white noise in the Navier-Stokes system
in order to obtain an invariant measure for the system.

The two-dimensional stochastic Navier-Stokes equation perturbed by an ad-
ditive noise (driven by a Wiener process) can be written as an abstract evolution
equation as follows:

du (t) + [vAu (t) + B(u(t))]dt = £(t)dt + X dW(¢t) (1.1)

with viscosity coefficient, v > 0, external body force, f, and initial data, u(0),
specified, and operators A, B are defined in Section 2. The objectives of this
paper consist in obtaining (i) exponential estimates on certain exit times associ-
ated with the solution u, and (ii) their optimality from the standpoint of large
deviations principle. Specifically, for any fixed r > 0, define

T = inf{t € [0, T] : |u(t)| > r},
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namely, the first time of exit for the solution from the r-ball in a suitable Hilbert
space. We also consider the time of exit from the r-ball for enstrophy of the
solution when the energy of u stays bounded.

In general, exponential estimates for exit times for a class of stochastic evolu-
tion equations were obtained systematically by Chow and Menaldi [2]. Inspired
by their work, we find a connection to such estimates and a Freidlin-Wentzell
type large deviations result (in the small noise asymptotics) for the stochastic
Navier-Stokes system (1.1). It should be noted that equation (1.1) does not have
a small parameter /€ in front of the noise term; however, we prove that the
solution is a continuous function of a scaleable process, and use the continuous
mapping theorem to obtain the large deviations result. The latter result pro-
vides us a method to measure the optimality of the exponential estimates for the
solution.

The content of this article is organized as follows. The functional analytic
setup of stochastic Navier-Stokes equations as an abstract evolution equation is
given in Section 2. Exponential estimates for exit times are presented in Sec-
tion 3 based on the energy equality. Section 4 establishes the connection of the
exponential estimates to the large deviation principle. In Section 5 the exponen-
tial estimates for exit times are derived for a class of SPDEs with multiplicative
noise.

2. Stochastic Navier-Stokes Equation

In this section, we express the Navier-Stokes equation using appropriate func-
tion spaces. Let G be a bounded open domain in R? with a smooth boundary
dG. For t € [0, T], consider the stochastic Navier-Stokes equation for a viscous
incompressible flow with no-slip condition at the boundary:

%—l:+(u~V)u—vAu+Vp:f(t)+th‘Zip (2.1)

and
V-u=0 (2.2)
with initial and boundary data
u(t,x) =0vVx€0dG,andVt >0
u(0,x) =up(x) VxeaG

where u is the two-dimensional velocity vector field, v > 0 is the viscosity co-
efficient and p denotes the pressure field and is a scalar-valued function. The
function f is an external body force, and W is a Wiener process taking values
in a suitable function space. Later, we will provide more details on W and the
noise coefficient X.

To study the stochastic Navier-Stokes system (2.1), (2.2), we first write the
stochastic partial differential equation in the abstract (variational, or evolution)
form on suitable function spaces. For the functional analytic setup and the math-
ematical details, we refer the reader to Ladyzhenskaya [6] and Temam [10]. Let
V be the space of two-dimensional vector functions u on G which are infinitely
differentiable with compact support strictly contained in G, satisfying V - u = 0.
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For any fixed & € R, we can define the restriction of the standard Sobolev space
W*?2 to those divergence-free 2D-vectors by letting V, denote the closure of V in
W2,

We will use the shorthand notations H := V,, V := Vj, and L2(G), W&'Z(G),
etc. to denote two-dimensional vector functions on G with each coordinate in
the scalar versions of L*(G), W&'Z(G), etc. For instance, we simply have

W,2(G) = {u € L*(G,R?) : Vu € L%(G,M; (R)), ulyc = 0}

where M, (R) denotes the space of 2 x 2 real matrices.
Denoting by n the outward normal vector on dG, the following characteriza-
tions of spaces H and V are well-known, and will be convenient:

H:={uel*G):V-u=0, u-nfyc =0},
V= {ueW&’Z(G):VOuZO}.

Let V’ be the dual of V. We will denote the norm in H by ||, and its
inner product by (-,-). By [10] we have the dense, continuous and compact
embedding:

VC,H=H c, V.

Let D(A) = W22(G) N V. Define the linear operator A : D(A) — H by
Au = —ITAu, where IT denotes the Leray projection of L?(G) into H. Since V =
D(A!/2), we can endow V with the norm |Ju| = ’Al/ 2u’ which is equivalent to
the W'2-norm by the Poincaré inequality. From this point on, ||| will denote
the V-norm. The pairing between V and its dual V' will be denoted by (-, -).
The operator A is known as the Stokes operator and is positive, self-adjoint with
compact resolvent. The eigenvalues of A will be denoted by 0 < Aj <A < -+,
and the corresponding eigenfunctions by ej, e, - - - form a complete orthonormal
system for H. It is known (cf. [6]) that there are values ¢,¢’ > 0 such that

lim J —¢>0and Hej

Define b(-,-,-) : Vx V x V — R by

< cAY4 for all j.
L4(G) ]

2 ,
b(u,v,w) =Y /G u; (x) 9 (x) wj (x) dx.

ij=1
This allows us to define B : V x V — V' as a continuous bilinear operator
such that
<B(u, v),w> =b(u,v,w) for all u,v,w € V.
Note that b(u,v,w) = —b(u,w,v). We will denote B(u,u) by B(u) which
satisfies the following estimate:
B[y < 2l ||u]] (23)

by setting a constant that depends on the domain G as 1. Let U be a real sep-
arable Hilbert space. We assume that ug is H-valued, and is independent of
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W, a U-valued Wiener process with nuclear covariance operator Q. Then space
Uy = QY2U is a Hilbert space with inner product,

(0,v)o = (Q 24, Q7 2v)y V u,v € Uj. (2.4)

Let | - |p denote the norm in Ujy. Clearly, the imbedding of Uy in U is Hilbert-
Schmidt since Q is a trace class operator.

Let Lg be the space of linear operators S such that SQ'/? is a Hilbert-Schmidt
operator from U to H. Define the norm on space Lg by

1S3, = HSQWHi2 — tr (5QS")

where L; stands for the Hilbert Schmidt norm of the operator. The noise coeffi-
cient ¥ : Q) x [0, T| — Lg is assumed to be predictable with

T
E /0 tr{=,Q%} }dt < co. (2.5)

We also assume that £(s) is V'-valued for each s € [0, T], and fOTHf(s) H%// ds < oco.

By applying projection II to each term of the Navier-Stokes system, and in-
voking the Leray decomposition of L?(G) into divergence free and irrotational
components, we write the system (2.1) and (2.2) as

du (F) + [vAu (£) + B(u ()] dt = £()dt + e dW(8). (2.6)

This is to be understood in the integral form

t t t t
u(t) =u(0)— 1// Au(s)ds — / B(u (s))ds + / S AW(s) + / F(s)ds. (2.7)
0 0 0 0
The existence and uniqueness of solutions of the stochastic Navier-Stokes
equation (2.6) has been studied under a variety of hypotheses and levels of gen-
erality by several authors (e.g. [1, 3, 4, 7, 9]). We base our work on the following
theorem due to Viot [11].

Theorem 2.1. (Viot) Let E(|ug|?) < coand £ € L2(0,T; V'). Suppose that there exists
a positive constant C such that |ZsQ/ 2\%2 < Cforall s € [0, T|. Then there exists a
solution of the martingale problem posed by (2.7), and the solution is pathwise uniqgue.

The martingale solution guaranteed by the above theorem is a weak solution
of (2.7) in the sense of stochastic analysis and partial differential equations. Since
the solution is pathwise unique, a result of Yamada and Watanabe (Proposition
5.3.20 in [5]) allows us to conclude that the solution u is a strong solution in the
sense of stochastic analysis.

The solution u lies in L?(Q; C(0,T; H)) N L?>(Q x (0, T); V), and if the initial
value u(0) satisfies E|u(0)|* < oo, and f € L*([0, T]; V'), then there exists a
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constant C(T,v) > 0 that depends on T and v such that

T 2
E (02‘3£T“(S)'4+ || 1) ues)] ds>
4 T 4
< C(T,v) <1+1Eyu(o)\ +/O 1£(s)]|% ds> (2.8)

(cf. Proposition 2.3 of [9]).

3. Exponential Inequalities

We begin by proving an exponential inequality for the energy of the solution
u of equation (2.7) when it exceeds a threshold » > 0 by time T. The first result
is quite in the spirit of the work of Chow and Menaldi [2].

Proposition 3.1. Assume that there exists a positive constant C such that
2

>.01/2
Q2

oy (T 2
(i) [y [[f(s)||yds < C.
Then, for any given r > 0, the solution u of (2.6) satisfies

(i) foralls € [0,T), < C, and

P{ sup |u(t)| > r} < exp{K+CT —r*exp{—2CT}} (3.1)
0<I<T

where K := [u(0)|> + £.
Proof. By the It6 formula,

t t
|u(t)|2+21//0 u(s)||? ds = |u(0)|2+2/0 (£(s),u ds+2/ ), ZedWy)
—i—/ttr (E.Q%7)ds
< |u(0) /||f )2 ds+2v/ u(s)|*ds + e

2
+2 / HQl/ZZQ‘u(s) ds + / tr (£,055)ds (3.2)
0 Up 0
where we have used the notation

” _2/ ), SedWs) 2/ |Q2zu ()’2

Up

ds.

By the hypotheses, HQUZZ;‘u(s)HZ < HZSQl/zHL(uH) lu(s)|> < Clu(s)|? yield-
ing thereby ' ,

t
lu(t)? < K+ 7 +2c/0 lu(s)[2ds + Ct (3.3)
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where K := |u(0)|? + %. By Gronwall inequality, we write,
t
lu(t)? < K+ 7+ Ct+ / (K+ 75 + Cs)2C exp{2C(t — 5) }ds
0

< |K+ sup 5s +Ct

0<s<t

exp{2Ct}. (34

Hence, for any fixed r > 0, we obtain,
P{ sup |u(t)| >r} < P{(K+ sup 5+ CT)exp{2CT} > 1?}
0<t<T 0<t<T

=P{ sup n; >r?e T —K-CT}
0<t<T

= P{ sup exp{ni} > exp{r?e 2T —K - CT}}
0<t<T

< exp{K + CT — r? exp{—2CT}}

by the basic martingale inequality, and the proof is complete. O

Exponential estimates for the maximum of enstrophy of the solution u over
the interval [0, T] are difficult to obtain under our general setup. Here we content

ourselves with the following related estimate on the supremum of s||u(s) H2 over
[0, T] when fOT(|u(S) 2+1) [Ju(s) Hz ds remains bounded. It is worthwhile to note

that IE fOT(|u(s)|2 + 1)Hu(s)H2 ds is finite, and hence fOT(|u(s)|2 +1) Hu(s)“zds
remains bounded with a large probability. The following result once again il-
lustrates the simplicity and the wide applicability of the methods of Chow and
Menaldi [2].

Proposition 3.2. Suppose there exists a finite constant C > 0 such that
(i) foralls € [0,T],

@) [y €)% ds < C.
Then, for any given K > 0 and r > 0, there exists a constant C; > 0 such that

2
nQ| <4, and
2

0<s<T

p {/OToc(s)ds <K, sup %Hu(s)“2 > 1’2} < exp (C1 - rze*K) . (3-5)

where a(s) = 2C, (|u(s)[? + 1) ||u(s)||* with C, = 2.

Proof. From equation (2.6), one obtains,
Viu(t) + /Ot Vs{vAu(s) 4+ B(u(s))}ds
ot t fu(s)
_ /O /o£(s)ds +(/0 VS AW, +/0 N
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By the It6 formula, one obtains

)P +v/ slau(s)Pas + [ s(B(u(s)), Aus))ds

_/ ), Au(s ds+/ s(Au(s), ZsdWs) + %/Otstr(ZsQZ;‘)ds
2/ ds. (3.6)
Note that
[(B(u(s)), Au(s))| = |b(u(s), u(s), Au(s))|
< [u(s)|pa(c) | Vuls) s [Au(s)|
< [u(s)["?[u(s) | |Au(s) P2

Using this estimate in equation (3.6) gives
t 2 t 2
o) +v/0 s|Au(s)[2ds
t t ot
S/O slu(s)[V?|[u(s) || |Au(s)|3/2df~:+/0 s|f(s)||Au(s)|ds—|—/0 (sAu(s), Z;dWs)
1 rt N 1 st 2
+§/O str(ZSQZS)derE./O lu(s)||”ds
v [t t 9t
< 5/0 s|Au(s)|2ds+Cy/O s|u(s)|2Hu(s)H4ds+;/0 s|£(s)|2ds

t 1 ft AT 1 gt )
+/0 (sAu(s),stWs)—i—E/o S‘ZSQ "des+§/() lu(s)||” ds. (3.7)

Thus, by taking C, > 1/2, we have,
t 2 v [t
)] +§/O s|Au(s)|2ds

<c, /Ot{s|u(s)|2||u(s)||2—|—1}Hu(s)H2ds—|—/0t{%s|f(s) 2

+ 2]
2

2 t
2-sQl/zHLz}ds +/0 (sAu(s), ZsdWs). (38)

Define the processes Ay := fOt{CVHu(S) ||2 + 2s|f(s)[2 + %s‘

ZsQl/zui }ds, and
2

Ny = fOt(SAu(s),ZSdWS) —1 fot s2|QY/25 Au(s)|*ds. From these definitions, we
write (3.8) as

t o v [t
Sluo] +§/O s|Au(s)[2ds
ts 1 ft .
SAH—UH—/O Ea(s)”u(s)szs—i—E/o s2|QY/25! Au(s)|*ds (3.9)

with a(s) = 2C, (Ju(s)]2 +1) |lu(s)|>
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Using the condition |Q1/ 22§ |2 < t for all s < T, we obtain
t 2 ts 2
SIOIF < A4+ [ Sa(s)Juls)|ds (3.10)
and by a Gronwall argument, we conclude that

t £,
5”“(””2 < Art +/0 ej;“(r)dr(As +175)a(s)ds

t s
< sup(As +1s) (1 + efot"‘(r)dr/ e~ Jo "‘(r)dra(s)ds>
0

s<t

< sup(As + 175)ef0f a(r)dr (3.11)

s<t

Hence, we conclude that

T
P{ a(s)ds < K, sup EHu || >r2}

0<s<T

sup (As +15)el > r?
0<s<T

{ T+ sup 175>re K}
0<s<T

sup e’ > exp{rle” —AT}}

0<s<T
p Cl—rze K}, (3.12)
where C; = C,K + T( + 1) O

4. Connection to Large Deviations

Here, we study exit times of solutions of stochastic Navier-Stokes equations
from the r—ball by using small noise asymptotics provided by large deviations
theory. It is worthwhile to point out that the analysis is carried out despite the
fact that the stochastic equations do not have a small parameter in the noise
term.

Consider the unique solution z(t) of

dz + Azdt = Z;dW;, (4.1)
with z(0) = 0. Define v := u — z, and notice that
N _u i
ot ot ot

aw aw
=(—Au—B(u)+ f(t) + Ztﬁ) —(—Az +Zfﬁ)

=—A(u—z)—B(u)+ f(t)=—-Av—B(v+z)+f
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Therefore, with z given, solving for u — z would be equivalent to solving for v
in
al
ot

with initial data v(0) = up € H. Note that equation (4.2) is a non-random,
nonlinear partial differential equation and is solved for each w, where w enters
the equation through z(w).

From a priori bounds, one can easily show that (similar to Proposition 2.3 in

[ol),
E < sup |z(t)|2> +E (/THz(t)szt> <K(v,T,C)
0<t<T 0

where K(v, T, C) is a finite constant that depends on v, T, and C that appear in
the hypotheses made in Proposition 3.1. Hence, one obtains that almost surely,
z € Co([0, T); H) N L2(0, T; V).

+Av+B(v+z)+f=0 (4-2)

Lemma 4.1. Given a function ¢ € Co([0, T]; H) N L2(0, T; V), let map A : ¢ — v,
be defined by
vy
ot
for t € [0, T], with vy(0) = u(0). Then A is a continuous map from Co([0, T]; H) N
L2(0,T; V) to the space C([0, T]; H) N L2(0, T; V).

+Av, +B(vyp+¢)+£=0 (4-3)

Proof. Consider functions @1 and @, in Co([0, T]; H) N L?(0, T; V), and denote the
corresponding solutions of equation (4.3) as v; and vy, respectively. Let

w;:=v;+¢; for i=1,2.
Then, by the energy equality,

i) = w202 +20 [ [wi(9) = vals) | s

=2 [/(B(w1(5)) ~ Blwa() () ~ vals)ds. @9
By the basic properties of the bilinear operator B, we have,
(B(w1(s)),vi(s) —va(s)) = (B(wi(s), wa(s)), vi(s) — va(s))
+ (B(wi(s), 91 — 92),vi(s) — va(s))

which enables us to write the integrand on the right side of (4.4) (suppressing
the time parameter s) as

(B(w1) — B(w2), v —v2)
= (B(wy — Wy, W), vy — V) + (B(W1, 91 — ¢2),v1 — V2)
= (B(vi —vo,W2),vi — V2) + (B(¢1 — 92, W2), V1 — V2)
+ (B(W1, 1 — ¢2), v1 — v2). (4-5)
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Thus the integral on the right side of (4.4) can be split into three integrals,
each of which is bounded as follows: First, consider

\ [ B1(5) — va(5), wal), i) — vals)ds

< %/OtHVl(S) - VZ(S)szS + % /Ot lvi(s) — V2(S)|2||W2(S)||2ds (4.6)

by applying the properties of B and Young’s inequality.
Next, consider the expression

[ B(01(5) — g2(6) was)),va(5) — va(s))is

<2 [~ vas) s+ / Toa(s) — 9209 Py Iwals) Bage ds
/ 16) = w2l ds 5 [ lon(5) = a9 Pt s

o [ o1(6) = g2() | [wa(o)Pas

| /\

t
gg/()Hvl(s)—vz(s)’|2ds+23[ sup l91(s) — ¢2(s)]? /sz H ds
t
+ sup [wa (o) ||¢1<s>—<oz<s>»|2ds] 47

Finally, by the same reasoning employed in obtaining (4.7), we have

[ B 5),1(5) = 920611 (6) — vals)s

< 6/||v1 —va(s)|| d5+2{ P |91(5) = p2(s) 2 /le )[|*ds

0<s<
+ sup fwr(6)2 [ a6 pa(s) s 48)
0<s<T 0

Using bounds (4.6), (4.7) and (4.8) in equation (4.4), we obtain upon simplifica-
tion,

i) =2 (DR 4 [ [va(s) —va(o)] P

© [ ) = vals) Plwa(s) [ as

1%

0 (s 19169 = a(6)F) [ (wr0)[F + o))

0<s<T

IN

+§( sup |wi(s)]® + sup |wa(s) /||(p1 z(s)szs. (4.9)

0<s<T

Dropping the second term on the left, and applying the Gronwall inequality, we
obtain
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vi(t) = vo(t)?

< §( sup_[g1(s) — g2(s)?)

V No<s<T
< [ w4 [P (2 [ wa)|Par)as

3
+2( sup [wi(s)2+ sup |wa(s)?)
V No<s<T 0<s<T

x /Otllcm(s) — ga(s)|*exp (g /:||w2(r)¢|2dr)ds. (4.10)

If o, — ¢ in Co([0,T]; H) N L2(0,T;V), as n — oo, it is simple to obtain an
upper bound uniform in 7 for sup,_, 1 [w,(t)| and fOTHwn(s) | ds, where w, :=
vn + ¢n. Hence, (4.10) allows us to conclude that v, — v — 0 in Co([0, T|; H),
and we use this result to estimate (4.9) to justify that v, — v — 0 in L?(0, T; V)

as well. The continuity of the map A has thus been proven.
O

For each 1 € L?(0, T; Uy), we will use the notation G( [, 1i(s)ds) to denote the
set of all solutions of the equation
dx(t) + Ax(t)dt = Z¢h(t)dt

with x(0) = 0.
For each € > 0, let z° denote the solution of

dzf(t) + AzE(t)dt = /eXidW;

for 0 < t < T with z¢(0) = 0. Then z¢(t) = /€ [, S;—sEsdW;s where S is the
semigroup generated by A. It is well-known (cf. [9]) that the large deviations
rate function for the family {z€} is given by,

1 T
I(x) = inf = / h(s)|3ds.
( ) {heL2(0,T;Up):xeGo( [y h(s)ds)} 2 Jo | ( )|O
Define the map T from Co([0, T]; H) N L?(0, T; V) to C([0, T]; H) N L2(0, T; V) by
I'(z) =z+ A(z).

Then T is continuous by Lemma 4.1, and u® = I'(z€) for all € > 0. Hence, by the
contraction mapping principle, {u€} satisfies the large deviation principle large
deviations principle with rate function

J(A)= inf I(x)
x € T1(A)

for any Borel set A in C([0, T]; H) N L2(0, T; V), and in particular,
limsup elog P{u‘ € By} < —J(By). (4.11)

e—0
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Thus, for any given § > 0, there exists an €; > 0 such that for all 0 < € < ¢y,

P{uc € B} < exp{~ L (J(BY) ~)}.

That is,
Plze =T (B)} < exp{—(J(B) ~ )} (412)
Let A denote the set F(%Ffl (Bf)). Then (4.12) can be written as

1
P{ue A} < exp{—(J(B;) = 9)}.
We have thus proved the following theorem:

Theorem 4.2. For any given r > 0 and § > 0, there exists a large positive constant
po, such that for all p > po if we define the set A, := T (oI ~(BE)), then solution u of
equation (2.6) satisfies

P{u(t) € Ap} < exp{—p(J(B;) =)} (4-13)
where B, = {h € C([0,T]; H) : sup |h(t)|* <r},
0<t<T
J(BY) = inf I(x),
xel—1(Bf)
and
1 (T
I(x) — inf - h(s)|3ds.
() {heLZ(O,T;Uo):;ne gO(fo'h(s)ds)}Z/o (s)lods

Remark 4.3. (i) In case pg = 1, A1 coincides with By, and the theorem gives the
rate of decay as J(Bf). Also, if we can ascertain the existence of an R such that
Bk C Ay, the above result leads to a simpler inequality.

(ii) Since we know, by Proposition 3.1 that the rate of decay is of the order of 72,
we can follow the above procedure by considering the set

Fo={x:](x) <r*}

for r > 0 and define the set G, as any open neighborhood of F,. Then given any
6 > 0, there exists an €1 > 0 such that for all € < €1, we have

1
P{u® € G} < exp{~_(J(Gy) — )}
< exp{— (2~ 9))
by the definition of G,. Thus, we can conclude that

Plu e T(—T(GO)} < exp{~ (7~ 0)}. (4.14)

Ve
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5. Exponential Inequalities for a Class of Evolution Equations

This section is devoted to the study of exponential inequalities for class of
stochastic evolution equations. Here, the equation and the functional analytic
setup differ from the previous sections. The class of equations that we consider
below requires strong hypotheses on the operators, and hence, do not include
the Navier-Stokes system.

Let (Ho, (-, -)o) be a real separable real Hilbert space and (H, (-, -)) a Hilbert
space containing Hy such that the embedding i : Hy — H is Hilbert Schmidt.
Consider the equation

AX(F) + [LX() — G(t, X(£))]dt = £(t, X(£))dW(t), X(0) = x,

where x € Hy and W(t) is a cylindrical Wiener process in Hy. The above equa-
tion is to be understood in its mild form

X(t) = Tix + '/O.t Ti—s2(s, X(s))dWs + /Ot Ti—sG(s, X(s))ds, (5.1)

where x € Hj.
The following assumptions are made on the operators L, G and X.

(1) L is a densely defined linear operator on Hy such that L~! is a bounded
self-adjoint operator with discrete spectrum, and T; = e~ is a contrac-
tion semigroup on Hy.

(2) Themaps G : [0,T] x Hy — Hypand X : [0, T| x Hy — L(Hy, Hp) have the
following smoothness and growth properties. Let {¢;} be a complete
orthonormal system of eigenvectors of L with eigenvalues {A;}. Then
there exist real sequences {ay}, {b;} such that forallk > 1, t € [0, T] and
h,hy,hy € Hyp:

[(G(t, 1), di)ol* < az(1+ ||holl3),
1Z* (6, )1 < bE(1+ |[RI[5),

[(G(t, h1) — G(t, h2), ¢x)ol < agl[hn — hallo,
127t 1) — Z(t, h2))rello < bl — h2llo,

and

Y @At =C1 < oo, WAl = Cp < oo,
k=1 k=1
for some 0 < 7y < 1.
Suppose E exp(supg;<7 [[X(#)[[o) < o0. It is clear that for r > 0,
P{ sup [IX()[|§ > r} = P{exp( sup [X(t)|[5) > "}
0 0<t<T

<t<T
1
< ZEexp( sup IX()[15)- (5.2)
0<t<T

The above is an exponential inequality, and thus the study of exponential in-
equality for the X(t) itself can be transformed into the study of the expectation
of exp(X(t)). If Eexp(X(t)) < oo, then X(t) is called exponentially integrable.
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We investigate the exponential integrablilty of the function supy., || X(#) |3 in
this section. o

In the proof of Theorem 5.2, we employ a result in [8], and we state here for
the convenience of the reader.

Theorem 5.1 (Theorem 1.3 in [8]). Assume that there exist a measurable function
k:[0,T] — Ry and a number v € (0,1] such that

I Te—sllym) S k(t—=s), 0<s<t<T, (5.3)
and
T
K= / sTTK%(s)ds < oo. (5.4)
0
Then there exist constant K < oo and A > 0 such that
Eexp ( —= su T dW,|?) <K
P (|1/’|oo O<t§T|| sy ()| ) N
holds for every  satisfying
[¥leo =" sup  [[9(s, @)l £(rpm) < (5.5)
(s,w)€[0,T]xQ2

Theorem 5.2. Assume that
(i) there is ay € (0,1] such that °2° | AT~ < co, and
(i) SUP (s yefo )% IZ(8 @)l 2o, 1) < 00

Then, for any r > 0, the solution X (t) to (5.1) satisfies (5.2).

Proof. Set k(s) := Y2, e 2%, and ¢(s,w) := L(s,w). It is not hard to see that

1
(5.5) is satisfied automatically.

Let us verify (5.4). For 7 € (0,1], consider the integral
T T o0
/ s~ Vk*(s)ds = / sT() e~ 2452 s
0 0 i=1
o T
< Z/ s~ Ve*hisds.,
i=170

Taking t = 4A;s, we have
T o T
/ 57Tk (s)ds < Z/ s~ Teti% s
0 =0
< 2(4)\1‘)H / Fretdr
2 (4A)7 71T (v + 1)

is finite by assumption and T'(y + 1) is f1n1te for v € (0,1]. Moreover,

1T, ) ZIITt ill* < Ze’“ E=)]gs)1> = 26’“ =) = k(t —s).

=1 i=1
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Thus, (5.3) and (5.4) are satisfied. Hence, the theorem implies

Eexp(i=z sup | Tt sZ(s, XS)dWSHO) (5.6)

|Z|oo 0<t<T

In order to estimate the third term in (5.1), consider

t 2 t
| [ Ti-sGs, Xo)as|| | < [ 1Ti-sGls, X s
t [ee)
=/ Z(Tt_SG(S,XS),6k>%dS
0 k=1
t [ee)
_ / Ze—wf—s)(c;(s,Xs),ek)gds
/ ze 292 (1 + || X, |13)ds
O

Since X, € Co([0, T]; Hp), sup, || X;||3 < C. Therefore,

| ies0ts xoas] < [ Lo a1+ Il

< C/ Zeiﬂk(f*s)a%ds (5.7)
0 k=1
(e} 1 _ _
— C ;alzcrk(e 2)\]((0) —e 2/\kt) (58)
is finite. In view of (5.6) and (5.8), one infers from (5.1) that
t 2 f 2
1012 < 3)| Tex |2 +3H/O Ty <G(s, Xs)ds| +3 /O Ty_ o5 (s, Xs ) AW
0 0
¢ 2
<C1+Cy+3 sup / Ti—sX(s, X5 )dWs
0<t<T 0

It follows from the convexity of exponential function that
2

leZA(C1+C2) exp (6/\ sup )
5 0

0<t<T

t
exp(Asup | Xi[}) < /O Ty_oG(s, Xs)dW,

Taking expectation, one has

Eexp(A sup [ X¢)
0<t<T

IN

t
/ Ty_sG(s, Xs)dWs
0

1 oacitc) 1
> + 2]E exp | 6A sup

2

)| <G
0<t<T 0
where C denotes a generic constant. Also, the above inequality implies that

sup ||X|3 is exponentially integrable, which completes the proof. O
0<t<T
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