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Abstract

We prove a uniform large deviation principle for the law of the solutions to a class of semilinear
stochastic partial differential equations driven by a Brownian sheet, where the uniformity is
with respect to initial conditions that have bounded Euclidean norms on [0, 1]. Our proof is
based on the weak convergence method.
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1 Introduction

Large deviation analysis for infinite-dimensional dynamical systems such as stochastic par-
tial differential equations (SPDEs) by employing the weak convergence approach has been an
active area of research for nearly a decade now. While large deviations for SPDEs by exploit-
ing the classical approach was already a subject of research (see e.g., [5, 19]) prior to that, the
weak convergence approach provided a new perspective on the topic and enabled researchers
to study large deviations for certain SPDEs, which were not easily feasible otherwise.

The starting point for the weak convergence approach is the equivalence between the
large deviation principle (LDP) and the Laplace principle (LP) for Polish space valued ran-
dom elements [10]. In this approach the expectations appearing in the LP are represented by
value functions of minimal cost functionals of certain stochastic control problems. The proof
of the LDP is then reduced to the asymptotic behavior of these variational representations
and the subsequent identification of their limits. The key element in proving the LDP for
certain infinite-dimensional dynamical systems including the one that we study is a varia-
tional representation for positive functionals of a Hilbert space valued Wiener process. This
representation was formulated by Budhiraja and Dupuis [3] and was then generalized by
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Budhiraja, Dupuis and Maroulas [4] to provide sufficient conditions under which, the law of
the solutions to certain SPDEs driven by a Brownian sheet satisfies an LDP. The verification
of these sufficient conditions amounts to proving well-posedness, tightness and convergence
of sequence of controlled analogues of the original SPDE and is much more tractable than
the previous approaches.

Standard approaches to LDP for infinite-dimensional models are mainly due to Azencott
[1] and involve several discretization and approximation arguments. These approximations
require justifications that could be made through exponential continuity in probability and
exponential tightness estimates, and are often highly technical and not available under optimal
conditions. Another approach, which was developed by Feng and Kurtz [11, 12] relies on
nonlinear semigroup theory and Hamilton-Jacobi-Bellman equations. The difficulty in this
method is mainly due to a uniqueness requirement for infinite-dimensional nonlinear partial
differential equations. This requirement is often technical and appears to differ significantly
when the underlying model changes. In comparison, the weak convergence method bypasses
the technical exponential estimates and uniqueness requirements present in the previous
approaches and instead requires certain sufficient conditions, whose verification does not
majorly deviate from the analysis of the underlying equations.

Recently, Salins [16] provided a sufficient condition under which, a uniform LDP is
said to hold with uniformity being over initial conditions that belong to bounded but not
not necessarily compact sets. He introduced the definition of the equicontinuous uniform
Laplace principle (EULP), and showed that the EULP is equivalent to the Freidlin and
Wentzell definition of the uniform large deviations principle. He also provided sufficient
conditions, under which a measurable function of an infinite-dimensional Wiener process
satisfies an EULP. His work was motivated by the study of exit time of a stochastic process
from a domain, where the large deviations of the stochastic process must be uniform over
initial conditions that belong to bounded but not necessarily compact sets.

In this paper, we consider a family of nonlinear, parabolic and semilinear SPDEs indexed
byO0<e <1

ous 3%u 2
a—j(t,x) = WZ'V(t,x) +Jea(t, x, uf](t,x));—au;(t,x)
+%g(r,x,u;(t,x))+f(t,x,uf7(t,x)), )

forallt € [0, T], x € [0, 1], with Dirichlet boundary conditions

u‘;(t, 0) = uf](t, 1)=0, te(,T], xel0,]1],
and initial condition

1t (0, x) = n(x) € L*([0, 1]).

Here W (¢, x) denotes the Brownian sheet [4] carried by (2, F, {F;}, P), t € [0, T] where
& € (0, 1] denotes the noise intensity. The functions f := f(t,x,r), g := g, x,r),
and o := o(t, x, r) are Borel functions of (¢, x,r) € Ry x [0, 1] x R and satisfy suitable
regularity conditions. The existence and uniqueness of a strong solution to Eq. (1) was proven
by Gyongy [15], where the results of Bertini et al. [2], Da Prato et al. [7], and Da Prato and
Gatarek [8] were generalized. We note that Salins and Setayeshgar [17] recently studied
Eq. (1) perturbed by a finite-dimensional Brownian motion in any space dimension.

The main contribution of this paper is proof of uniform large deviations for Eq. (1) where
the uniformity is with respect to initial conditions that are bounded and do not necessarily
belong to a compact set. This is different from, and also generalizes the work of Foondun
and Setayeshgar [13], where the initial conditions necessarily belong to a compact set. Our
work uses the sufficient condition introduced in [16] as opposed to that of Budhiraja et al.
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[4], which cannot be used in this setting, and is motivated by its potential to study exit time
problems. The paper also generalizes the results of Cerrai and Rockner [6] by adding the
Burgers-like term, dg(t, x, uf’ (t,x))/0x, and is an extension of the work of Cardon-Weber
[5], as well.

The organization of the paper is as follows. In Sect. 2 we state the preliminaries and
assumptions used throughout the paper. The existence and uniqueness of a strong solution
to Eq. (1) is also stated in this section. In Sect. 3 we state the definition for the uniform
large deviation principle (ULDP) as well as a sufficient condition under which the ULDP
holds. We also introduce the controlled and skeleton equations and prove their existence and
uniqueness. Section 4 is devoted to deriving an a priori bound on the controlled process,
which is used in proving the main theorem. In Sect. 5 we state the main theorem of the paper.
Finally Sect. 6 presents the proof of the main theorem.

1.1 Notations

Unless otherwise noted, we adopt the following notation throughout the paper. C denotes a
free constant which may take on different values, and may depend upon other parameters.
We use |g(t,-)|p := Ig()]|p to denote the L”(R)-norm of a function g := ¢(¢, x) with
respect to the variable x € R. If g (¢, x) is only defined for x € [0, 1], then |g ()|, denotes
the L7 ([0, 1])-norm. If ¢ := ¢(¢, x) is a random field and E is a function space, then saying
that g is almost surely in E means that ¢ has a stochastic modification which is in E, almost
surely. For any metric space, (E, p), the distance between an element x € E andaset B C E
is defined by

distg (x, B) := inf p(x, y). 2)

yeB

Finally the form , (-, -), denotes the L2-inner product on an inner product space X. It is linear
in the first variable and satisfies the Schwarz inequality |(x, y)| < (x, x)l/ 2(y, y)l/ 2 for all
x,y € X.

2 Preliminaries and assumptions

In this Section we introduce some assumptions and preliminaries necessary for the formula-
tion of the problem. The functions f := f(¢t,x,r), g := g(t,x,r),and o := o (t, x,r) are
Borel functions of (¢, x,r) € Ry x [0, 1] x R and have the following assumptions

(B1) There exists a constant K > 0 such that for all (¢, x, r) € [0, T] x [0, 1] x R we have

sup sup |f(t,x,r)] < K1+ |r]).
t€[0,T] x€[0,1]

(B2) The function g is of the form g(¢, x,r) := g1(¢t, x,r) + g2(¢t,r), where g; and g, are
Borel functions satisfying

lg1(t, x, 1) < K(1+1r]) and |g2(, 1) < K(1 +|r[?).

(B3) o isbounded and forevery T > O there exists a constant L > 0 such thatfor (¢, x, p, q) €
[0, T1 x [0, 1] x R? we have |o (7, x, p) —o(t,x,q)| < L|p — q|. Furthermore, f and
g are locally Lipschitz with linearly growing Lipschitz constant, i.e.

If@. x, p) = ft.x, @)l < LA +|pl+lgDlp —ql.
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lg(t, x, p) —g(t, x,q)| < LA+ |pl+1gDIp —ql.
Definition 1 (Mild solution)labeldefnl A random field u‘f] = {uz(t,x) 1t €[0,T],x €

[0, 1]} is called a mild solution of Eq. (1) with initial condition 7 if (¢, x) — uf; (t,x) is
continuous a.s., and u%(r, x) is {F;}-measurable for any ¢ € [0, T], and x € [0, 1], and if

1 ‘ 1
wpt. )= [ Gitxoymay + [ [ Gios(e 1) £, v, uiy (s, y)dyds.
0 0 Jo
t 1
+ \/5/0 /0 Gi—s(x, y)o (s, y, up(s, )W (dy, ds)

t 1
- /0 /0 0, iy (x, Y)g(s, v, 1 (5, Y)dyds. 3)

The function G,(., .) is the heat kernel associated with the linear operator 9/3¢ — 32/8%x
with Dirichlet boundary conditions. The following result of Gyongy [15, Theorem 2.1] asserts
the existence and uniqueness of a solution to Eq. (1).

Theorem 1 (Existence & uniqueness of solution mapping)
Let (2, F, P,{F:}), t € [0, T] be a stochastic basis carrying a Brownian sheet and let
n € LP([0, 1]), p > 2. There exists a measurable map

@° . LP([0,1]) x C([0, T] x [0, 1]; R) — C([0, TT; L7 ([0, 1])),

such that u% = G%(n, /W), (where 1 denotes the initial condition) is the unique, mild

solution of Eq. (1).

3 Uniform large deviation principle

In this section, we provide the definition of Freidlin Wentzell unifrom large deviation principle
(FWULDP) [14] and a sufficient condition under which, an EULP holds.

Let (£, p) be a Polish space and &y a set. For any n € &, definition of rate function,
I, : € — [0, +o0], refers to (8), which is below. Let ®,(s) denote the level set ®,(s) :=
{h € £ : I(h) < s}. Further, let ¢ be a collection of subsets of & and b(e) a function
converging to zero as & approaches zero.

Definition 2 (FWULDP) A family of £-valued random variables {Y,f}fég’ Uis said to satisfy

an FWULDP with speed b(¢) and rate function I;;, uniformly over ¢ if
1. Forany J € #,s0>0,andé > 0

liminf inf inf (b(e)logP(p(Y:, h) <8) + I,(h)) > 0. 4
i ind it (O 08P 0T 1) <0+ 1) = @

2. Forany J € 7,50 > 0,and 6 > 0
limsupsup sup (b(s) log P(diste (YE, @y (5)) > 6) +s) <o0. )
e—0 ned s€[0,s0]

An equivalent formulation to the ULDP is the EULP [16, Theorem 2.10]. Recall that a
family QO C Cj(€) of functions is equibounded and equicontinuous if

sup sup [r(h)| < oo and lim sup sup |[r(h) —r()| =0.
reQ he€ $=0,c0 nilee
p(h,l)<s
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Definition 3 (EULP) A family of £-valued random variables {Yn'? }fé(t%l] is said to satisfy an

EULP with speed b(¢) and rate function I, uniformly over ¢ if for any J € ¢ and any
equicontinuous and equibounded family Q C Cp(€)

&

. r¥,)) .
slir})fzg zlelljy b(e)logE exp (—ﬁ) + }111612{r(h) + I} =0. (6)

Theorem 2 [16, Theorem 2.10] FWULDP and EULP are equivalent.

We now present a sufficient condition under which, a family of random variables satisfies
the EULP and therefore also the FWULDP. To that end, for any N > O and T > O let Pév
be the collection of F;-adapted processes such that P(1¢| 20, 71x[0.17) < N) = 1.

Assumption 1 Assume that there exists a family of measurable maps #* : & x C ([0, T] x
[0,1]; R) — & indexed by ¢ € (0,1],n € & and ¢ € Pév. Let W be a Brownian sheet
and Y'Y 1= °(JeW + Jo Jo ©(s)ds). Let 9 denote the limiting case of 7 as ¢ — 0.
Further, Let _# be a collection of subsets of & and assume that forany § > 0, J € ¢ and
N >0

lim sup sup P (p (%S (n, Jew +/' /}p(s)ds) , A0 <r), / /.q)(s)ds)) > 8) =0.
e%()nej(pepév 0 Jo 0 JO
@)

Theorem 3 ([16, Theorem 2.13]) If Assumption I holds then the family Y := (1, JEW)
satisfies an EULP uniformly over ¢, with speed b(e) = ¢, and rate function I, : £ — R

(T |
Iﬂ(h) = mf{i/() |(,0(S)|L2([0’T]><[0’1])d5 thi= jfo (T},/O /() QD(S)dS)} s (8)

where the infimum is taken over all ¢ € L2([0, T] x [0, 1]) such that
1 t pl
h(t,x) = /0 G:(x, y)n(y)dy —/0 /0 dyGi—s(x, y)g(s, y, h(s, y))dyds
ropl
[ [ Greste syt ydyas
0 JO

t 1
+/() /0‘ ths(xay)a(sa)“h(s’ y))(p(sv }’)dyds (9)

We use the convention that inf (@) = +o0.

4 A priori bound on the controlled process

Before deriving the a priori estimate, we need to introduce the controlled and skeleton
equations. The unique mild solution to Eq. (1) is a strong solution in the probabilistic
sense. Therefore, for any ¢ € (0, 1] and initial condition n € L2([0, 1]), there exists
a measurable map ¢¢ : L2([0,1]) x C([0,T] x [0,1; R) — C([0, T1; L*([0, 1])),
such that uf] = 9°(n, /¢eW). Recall that for any N > 0 and T > 0, Pév is the
collection of F;-adapted processes such that P(|¢[ 20 71xj0.1) < N) = 1. Further, let
vy =95 (n, JEW + [; [ ©(s)ds). Then vy? solves

1 t 1
vy ¥ (t, x) 2/0 Gz(x,y)n(y)dy+ﬁ/0 /O Gi—s(x, )o (s, y, vy ? (s, y)W(dy, ds)
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t 1
—f / AyGr—s(x, y)g(s, y, vy ?(s, y))dyds
0 JO
t 1
+ f / Giy (6, ) f (5, 3, 055, y))dyds
0 JO
t 1
+f / Gi—s(x,y)o(s,y, vf]"”(s, Y)e(s, y)dyds. (10)
0 JO

The deterministic controlled equation in the absence of noise is v?,"p, and is referred to as
the so-called skeleton equation. Finally, forh € C ([O, TI; L? (10, 1])) we define the following
action functional or rate function

1 T 1
1,(h) :zi{ir(})f/o /0<p2(s,y)dyds}, (11)

where the infimum is taken over all ¢ € L%([0, T x [0, 1]) such that
1 topl
h(t, x) = /0 G (x, y)n(y)dy — /0 fo 3yGr—s(x, y)g(s, y, h(s, y))dyds
ropl
+/0\ [) thx(x» y)f(sv y’h(s’ y))dyds

ropl
+/0 /0 Gi—s(x,y)o(s,y, h(s, y))(s, y)dyds. (12)
The existence and uniqueness of controlled process (10) follows by Theorem 3.2 in [13]

with the main ingredient of the proof being the Girsonov’s theorem [9, Theorem 10.14].
We now attend to the a priori bound. Recall the stochastic controlled process (10)

1 t 1
vf,""(t,X)=/ Gz(x,y)n(y)der«/E/ / Gi—s(x, )0 (s, y, vy?(s, y))W(dy, ds)
0 0 JO
t 1
—/ f Oy Gr—s(x, )8 (s, y, vy (s, y))dyds
0 Jo
t 1
+/ f Gi—s(x, ) f (s, y, vy % (s, y)dyds
0 Jo

t 1
+/O fo Gi—s(x, )o (s, y, vy ?(s, y)o(s, y)dyds. (13)

t 1
Let 7,79(t, x) := «/5/ / Gi—s(x,y)o (s, y,v;%(s, y))W(dy, ds), and set
0 Jo
wy? =¥ — Y. (14)

In order to prove that vg"p is bounded in probability uniformly in ¢, 1 and ¢, it suffices to
show that, Tg ¥ and wf,’(p are bounded in probability uniformly in €, n and ¢. We begin with
£
.
Notice that by boundedness of o, Corollary 4.3 of [ 15] and a slight modification of Lemma
4.7 of [18], one can deduce that

sup sup sup ]E( sup Itﬁ"”(t,x)IZ) < 00. (15)
\n\ZSRse(O,]J,pEpéV (t,x)€l0,T]x[0,1]
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Define

AS? = sup Ty, %), (16)
(t,x)€l0,T]x[0,1]

then since (15) holds, by Chebyshev’s inequality , Aff‘" is bounded in probability uniformly
in g, ¢ and 1. Next we prove the uniform boundedness in probability of ws’(p.
Lemma 1 (boundedness in probability ofwf]’(p) The random field sup wa’"p (1) |2 is bounded

1€[0,T]
in probability, i.e., for any given T > 0, N > 0, and R > 0

lim sup sup sup P| sup [wy¥®)>C|=0. (17)
C=00 |yh<R pep) ec0.1]  \rel0,T]

Proof Throughout this proof C denotes a free constant, which is independent of ¢ and » but
may depend upon other parameters. Notice that w;’(’) satisfies the following equation

12 2,69

dwy, 32w B
8: (t,x) = 3xg , x) + ag(l‘, X, wp?(t, x) + 150, x))
+ f(t. x wp?(t, x) + 100, x))
+o(tx wi? (. x) + 109t ), x), (18)

with Dirichlet boundary condition

wy?(t,0) =wy?(t, 1) =0, te(,T],
and initial condition

wy?(0,x) = n(x), xel0,1].
By the energy inequality [15, (4.18)] we have

t
wi (1 = Inl3 =2 f |y () [3ds +2A(0) = 2B() =2C(1) +2D(), ~ (19)
0
where
t
A1) = /0 (sl (s) + 79 (). wi ¥ (9))ds,
t
B(1) := fo (8(s. Wi (5)). (wi¥(5))')ds,

t
C@) = /0 (g (s, wp?(s) +T9%(5)) — g(s, wp¥(9)), (wy¥(5)))ds,

t
D(1) ::/0 (@(s)o (s, wy?(s) + 1,9()), wy? (5))ds.

Notice that by Assumption (B1) and the same analogy as proof of Theorem 2.1 in [15]

t

AW < c/o (L [l )]+ (750 ()], Wl ()])ds

t
=< C/O (I )3 + 159 ()wi ¥ (s)13)ds, (20)

where Holder’s inequality has been used. Next consider B(¢) and let B(¢) := B;(t) + Ba(¢)
where

12
Bi(1) == /O (g1(s, wh(5)), (Wi ¥ (s)))ds,
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t
By(t) := fo (g2(s, Wi (5)), (Wi (5))')ds.

By Assumption (B3)
t
[B1 (D] = C/o (L Jwy? ()], [(wy? () s

t 1 t
5/ Z|(w;"p(s))’|%ds+C/ [wé ¥ (s)]3ds + C. 1)
0 0

where Holder’s inequality and Young’s inequality have been used. Due to the boundary
conditions and Assumption (B3), B> (#) is equal to zero. Consequently

t
|B(1)| < C/O (L4 1wy ), 1wy () )ds

t 1 t
< / JIWE G Bds + ¢ / () Bds + C. 22)
0 0

Finally consider C(¢). By Assumption (B3)

t

ICO) = C/o (T2 OI(1 + [wp?(s) 4 7,7 ()] + [wp (9)]), [(wy? () s
t 3 t
< /0 21 )Y Bds + ¢ /0 (IT2 ()13 + T2 (OHwE ()13 + |75 () [4)ds,
(23)
where Holder’s inequality and Young’s inequality have been used. Next consider D(¢) and

observe that by boundedness of o, Holder’s inequality, and boundedness of controls in
L2([0, T] x [0, 1]) we have

t t
ID(1)] < C/o U@l [ws? (s))ds < c/o WS (s)[3ds. 24)
Combining (20), (22), (23) and (24), and using (16)
t
lwi? (1)) < [|n|% +C+ |A;,¢|4)] + c/o (|w;~4’<s>|% + |Af,"ﬂ|2|w;*¢<s)|%)ds-
(25)
Consequently
t
Wi (1))5 < [|n|§+C(1+IAZ'¢|4)]+C(1+|A§"”|2)/ lwE?(s)|3ds,  (26)
0
for all ¢t € [0, T]. Therefore, by Gronwall’s inequality we have
[wi? (1[5 < (Inl3 + C(1+[AL?|%) exp (C(1+ [ASY 1)), 27
forallt € [0,T],¢ € (0,1], ¢ € Pév, and n € L2[0, 1]. Thus, since Af,’w is bounded

in probability, Chebyshev’s inequality would imply that sup, |wf]’(ﬂ (t)]7 is also uniformly
bounded in probability.
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Proposition 1 (A priori estimate) The random field sup |vf]"ﬁ (t)|2 is bounded in probability,

1€[0,7T]
i.e., forany given T > 0, N >0and R > 0
lim sup sup sup P{ sup [v;¥(®)2>C|=0. (28)
C=0 <R gepy ec0,1]  \rel0.T]

Proof The proof is a direct consequence of (15) and (17).

5 Main theorem

In this section we state the main theorem of this paper.

Theorem 4 (Main Theorem) The processes u% = {uf](t, x):te€[0,T], x €0, 1]} where
e € (0,11, n € L3([0, 1]) satisfy a ULDP on C([O, T1; L%([0, 1])), where the uniformity is
over L%([0, 11)-bounded sets of initial conditions, with rate function Iy, given by (11) if

1. ForanyR > 0,8 > 0, and sp >0

liminf inf inf (elo]P e _p . <O +1 h)>0.
im in IHII?SRhE‘:Dn(So) g P(lu;, — hleqo, 20,11 < 8) + In(h) ) =

2. Forany R > 0,6 > 0, and sy > 0

limsup sup sup (log P(disteo.1:22q0.1p) (4 P () > 8) +5) =0,

e—0 [n|2<R s€[0,s0]
In the above expressions

®,(s) = {h € C([0, TT; L>([0, 1)) : I,(h) < s}.

6 Proof of Main Theorem

We prove Theorem 4 via Theorem 2 and Theorem 3. To that end, we must show that
Assumption 1 holds in the C([0, T]; L2([0, 1])) topology. Proposition 2 verifies this
assumption.

Proposition 2 (Uniform convergence in probability) For any § > 0, R > 0, N > 0, and
T>0

lim sup sup P 'vg"/’—vo"”’ >8>:0. (29)
Homhgzew% (” T leqo, ;220,11

Proof Throughout this proof C denotes a free constant, which is independent of ¢ and » but
may depend upon other parameters. For any ¢ € ’Pév ,Inl2 < R, and ¢ € (0, 1] we have

t 1
v%"”(nx)—v%‘”(t,x):ﬁfofo Gi—s(x, y)o (s, y. vy (s, ) W(dy, ds)
t 1
0
_fo/o 8sz—s(x,y)<g(s,y,vf,"p(s,y))—g(s,y,vr,"p(s,y))>dyds

t 1
+ fo /0 Gz—s(x,y)(f(s,y,vff‘p(s,y))—f(s,y,vg"p(s,y))>dyds
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t pl
+/O' A Gt—S('x’y)(a(svysvf)’(p(s’y))

0
—o(s,y. v Y, y)))w(s, y)dyds

= VeEl{ (t,x) + 15 (t, x) + 1§ (¢, x) + 1{ (1, x). (30)

First consider 5. By corollary 3.4 of [15], I; satisfies the definition of the linear operator
J()(t, x) [15, Eq. (3.1)]. Therefore, in Lemma 3.1 of [15] we can let p = 2, g = 1, and

1
k = —. We have
2

t
1151 < C fo (t = )74 g (s, v59(9)) — g(s. 0 (s))| s
t
<C /0 (= )7 A 4+ e )] + oy (D (059 (s) — v ¢ (9)) | ds

t
<C /0 =)0 + oy () ) [vE4(s) — vy (s)|,ds, (3D

where Lipschitz continuity of g with linearly growing Lipschitz constant, Minkowski’s
inequality and Holder’s inequality have been used. For K > 0,¢ € (0, 1] ¢ € Pév ,Inl2 < R,
and 7 > 0 define

g i=10eQ: sup |v?(t)2 < K, sup |v2"/’(t)|2 <Kj;. (32)
tel0,7T] t€l0,7T]
Then .
_ 2
[I50)50r:, < C]lr;(/(; (t =)l (s) — )9 (s) | ds, (33)

where Holder’s inequality has been used.
Next consider I§. In Lemma 3.1 of [15],let p = 2,q = 1, and x = 1/2. We have

t
0l < cfo (t = 7| f (5, 0%()) — £ (5, 009())]ds
t
<C fo (t = )7 A 4 eS|+ oy D (059 (s) — v ?(9)) | ds

t
<cC /O (t =) () + [y Y ) [v () = vy ()| yds, (B4

where Lipschitz continuity of f with linearly growing Lipschitz constant, Minkowski’s
inequality and Holder’s inequality have been used. Again by definition of ', and Holder’s
inequality

t
— 2
[E0B1r < Cﬂr;/o (t = ) HuEe () — 0¥ (5)]5ds (35)

1 t 1 t 1
OB < f ( / / |<p<s,y>|2dyds>< [ / Gy (o, IS5, 1)
0 0 JO 0 JO

— vf])"”(s, y)lzdyds>dx

Lastly
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t
< c/ (t — )25 (s) — 0¥ (s)|3ds
0

(36)

where Lipschitz continuity of o, Holder’s inequality, boundedness of controls and estimate

4.7 in [15] have been used. Therefore

t
_ 2
150151 < C]lr;/o (t — )7 2uE(s) — 00 (s) |yds.

(37

Finally by (30), Minkowski’s inequality, estimates (33), (35), (37) and the fact thatr < T

t
2 _ 2
e () — v () |31, < C]lp;(/o (t — )il (s) — v (s)|3ds
+ Ce|If ()31,

Let o > 8. By Holder’s inequality

1
5 e (1) — o) ?@)|3 s, < Ce**|IF (IS e + C/O [V (5) — v ? () |5 Ire ds.

Using Fubini’s theorem and Gronwall’s inequality we have
]E( sup [v5¢(r) — v?l"”(t)}g]lr;:() < Cs“/2E< sup |If (z)|g1lp;,(>.
te[0,T] te(0,T]

Let B > 0. Notice that by Proposition 1, there exists K > 0 large enough such that

sup sup sup (1—P(I%))
[nl2<R pep) £€(0.1]

< sup sup sup [P sup |v;""(t)|2>K +P[ sup |v2"p(t)|2>K
NL2=R pepy e€(0.1] 1€[0.T] 1€[0,T]

<B.

(38)

(39

(40)

(41)

)

(42)

By estimates (41), (42), Markov’s inequality, boundedness of o and Corollary (4.3) of [15],

for any e € (0, 1], 7 € L2([0, 1]) and ¢ € PY

sup  sup P( sup v (1) — U9,’¢(f)|2 > 3)

M2=<R peP) t€l0,T]
< sup sup (1 —P(I%))
|'7|2§R(/;5'P£V

+ sup sup P| sup IUZ’W(t)—vg’”(l)lzﬂr; >34
Inl2<R pepl  \r€l0,T]

S,B-i-cg/g.

Finally, by arbitrariness of 8

lim sup sup P( sup |vf]"p(t)—v2"/’(t)|2>8 =0.
e20mh<R pepy  \rel0.T]

This completes the proof.

(43)

(44)
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Theorem 4 By Proposition 2, Assumption 1 is satisfied. This completes the proof.
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