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Abstract. We consider the stochastic Navier-Stokes equations forced
by a multiplicative white noise on a bounded domain in space dimensions
two and three. We establish the local existence and uniqueness of strong
or pathwise solutions when the initial data takes values in H'. In the
two-dimensional case, we show that these solutions exist for all time.
The proof is based on finite-dimensional approximations, decomposition
into high and low modes and pairwise comparison techniques.

1. INTRODUCTION

In this article we study the Navier-Stokes equations in space dimension
d = 2,3, on a bounded domain M forced by a multiplicative white noise

ou+ (u-V)u—vAu+ Vp = f+ glu)W, (1.1a)
divu =0, (1.1b)
u(0) = o, (1.1c)
up = 0. (1.1d)

The system (1.1) describes the flow of a viscous incompressible fluid. Here
u = (u1,...,uq), p and v represent the velocity field, the pressure and the
coefficient of kinematic viscosity respectively. The addition of the white noise
driven terms to the basic governing equations is natural for both practical
and theoretical applications. Such stochastically forced terms are used to
account for numerical and empirical uncertainties and have been proposed
as a model for turbulence.
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The mathematical literature for the stochastic Navier-Stokes equations is
extensive and dates back to the early 1970’s with the work of Bensoussan
and Temam [2]. For the study of well posedness, new difficulties related to
compactness often arise due to the addition of the probabilistic parameter.
For situations where continuous dependence on initial data remains open
(for example in d = 3 when the initial data merely takes values in L?), it
has proven fruitful to consider martingale solutions. Here, one constructs
a probabilistic basis as part of the solution. For this context we refer the
reader to the works of Viot [30], Cruzeiro [10], Capinski and Gatarek [6],
Flandoli and Gatarek [15], and Mikulevicius and Rozovskii [25].

On the other hand, when working in spaces where continuous dependence
on the initial data can be expected, existence of solutions can sometimes
be established on a preordained probability space. Such solutions are re-
ferred to in the literature as “pathwise” solutions. In the two-dimensional
setting, Da Prato and Zabczyk [12] and later Breckner [4] as well as Menaldi
and Sritharan [21] established the existence of pathwise solutions where u
takes values in L*°([0, 7], L?). On the other hand, Bensoussan and Frehse
[3] have established local solutions in 3-d for the class C%([0, T]; H?®) where
3/4 < s <1land 8 < 1—s. The existence of pathwise, global solutions
for the two-dimensional primitive equations of the ocean with multiplica-
tive noise was recently established by Glatt-Holtz and Ziane in [17], for the
case when v and its vertical gradient are initially in L?. In the works of
Brzezniak and Peszat [5] and Mikulevicius and Rozovsky [23], the case of
arbitrary space dimensions for local solutions evolving in Sobolev spaces of
type WLP for p > d is addressed. Despite these extensive investigations,
to the best of our knowledge, no one has addressed the case of local, path-
wise, H!—valued (W'?) solutions for the 3-d Navier-Stokes equations with
multiplicative noise.

As we are working at the intersection of two fields, we should note that
the terminology may cause some confusion. In th literature for stochastic
differential equations the term “weak solution” is sometimes used synony-
mously with the term “martingale solution” while the designation “strong
solution” may be used for a “pathwise solution”. See the introductory text
of Pksendal [26] for example. The former terminologies are avoided here be-
cause it is confusing in the context of partial differential equations. Indeed,
from the partial differential equations point of view, strong solutions are so-
lutions which are uniformly bounded in H', while weak solutions are those
which are merely bounded in L?. In this work we are therefore considering
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solutions which are strong in both the probabilistic and partial differen-
tial equations senses, which we shall call “strong pathwise solutions,” often
dropping the pathwise designation when the context is clear.

The exposition is organized as follows. In the first section we review the
basic setting, defining the relevant function spaces and introducing various
notions of pathwise solutions. We then turn to the Galerkin scheme which we
analyze by modifying a pairwise comparison technique [23]. Key estimates
are achieved using decompositions into high and low modes. In this way we
are able to extract a locally strongly convergent subsequence and surmount
the difficult issue of compactness. In the third section, we establish the
existence and uniqueness of a local solution u evolving continuously in H*
up to a maximal existence time £. For samples where € is finite we show that,
on the one hand, the L? norm remains bounded and that on the other hand
the H' norm of the solution blows up. By showing that certain quantities
are under control in the two-dimensional case we are able to use this later
blow-up criteria to give the proof for the global existence of strong solutions
in the two-dimensional case. In the final section, we formulate and prove
some abstract convergence results used in the proof of the main theorem.
We believe these results to be more widely applicable for the study of well
posedness of other non-linear stochastic partial differential equations and
therefore hold independent interest.

2. THE ABSTRACT FUNCTIONAL ANALYTIC SETTING

We begin by reviewing some basic function spaces associated with (1.1). In
what follows d is the spatial dimension, the physical cases d = 2, 3, being the
focus of our attention below. For simplicity, we assume that the boundary
OM is smooth. Let

Vi={¢ € (C5(M)?:V-¢ =0}, (2.1)
and
H = cle(M)V:{uELZ(M)d:V-u:O,u'nzo}. (2.2)

Here, n is the outer pointing unit normal to M. On H we take the L?
inner product and norm

(u,v) := /Mu cvdM,  |ul =/ (u,u). (2.3)

The Leray-Hopf projector, Py, is defined as the orthogonal projection of
L*(M)? onto H. Define also

V= clpwV = {u € Hy(M)* : V-u=0}. (2.4)
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On this set we use the H' norm and inner products
()= [ u-oar, - ful = /(). (2.5)

Note that, due to the Dirichlet boundary condition (cf. (1.1d)), the Poincaré
inequality,
ul < Cllull, VueV, (2.6)

holds, justifying (2.5) as a norm. Take V' to be the dual of V, relative to H
with the pairing notated by (-, ).

We next define the Stokes operator A. A is understood as a bounded
linear map from V to V' via (Au,v) = ((u,v)) wu,v € V. A can be extended
to an unbounded operator from H to H according to Au = — Py Au with the
domain D(A) = H*(M)NV. By applying the theory of symmetric, compact,
operators for A1, one can prove the existence of an orthonormal basis {e}
for H of eigenfunctions of A. Here, the associated eigenvalues {A;} form an
unbounded, increasing sequence 0 < A\; < Ao < ... < A, < A1 < ... We
shall also make use of the fractional powers of A. For u € H, we denote
ug = (u, er). Given a > 0, take

D(A%) = {u €H: Y A fuf? < oo}, (2.7)
k

and define A% = >, A\fuger, u € D(A%). We equip D(A®) with the norm
[ul2 == |A%u|* = 3, A2%|ug|*. Define H,, = span{es, ..., e,} and take P, to
be the projection from H onto this space. Let Q),, = I — P,,. The following
extension of the Poincaré inequality will be used for the estimates below.

Lemma 2.1. Suppose that oy < ag. For any u € D(A*?),
|Qnu|a1 < Agl_QQ‘Qnu‘azy (28)
| Pott]ay < A0 Ppulqy - (2.9)

Proof. Working from the definitions,

%) )\Q(az—oq)

2 k 2«
|Qnu|a1 S Z m)\k 1|Uk| == )\2(0[2 061 |Qn . (210)

k=n+1 )\n

Similarly,

n
|Pyu)?, < NHezme) Z)@“lmﬁ = M2z p g2 | (2.11)
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The non-linear portion of (1.1) is given by
B(u,v) := Py(u-V)v = Py(u;jojv), u,ve V. (2.12)

Here and below, we occasionally make use of the Einstein convention of
summing repeated indices from 1 to d. For notational convenience we will
sometimes write B(u) := B(u,u). For d = 2,3, the non-linear functional B
can be shown to be well defined as a map from V x V to V' according to

(B(u,v),w) := / (u-V)v-wdM = / u;0vpwdM. (2.13)
M M
We shall need the following classical facts concerning B.

Lemma 2.2. (i) B is continuous from V- x V to V' with

(B(u,v),v) =0, (2.14)
and
[l 2 [l 2 oll[w] 2w ]2 ind =2,
[(B(u,v),w)] < C [ul?[[u] /2 jo]||w]| ind=3,  (2.15)

lull o]/ w]|*/ ind =3,

for all u,v,w e V.
(7i) B is also continuous from V x D(A) to H. Ifu eV, v € D(A), and
w € H, then

W2l 2 o2 Aol 2] i d =2,
B(u,v),w)| < C 2.16
(Bl v),w) {Hu||||vu1/21Av|1/zrw| ind=3 0
(#i7) If u € D(A), then B(u) € V, and
1B < Cllull|Auf® + [u]/2|Au|"/? in d = 2,3. (2.17)

Proof. The items (i) and (ii) are classical and are easily established using
Holder’s inequality and the Sobolev embedding theorem (see [29] or [8]). For
item (iii), fix u € V. We have

B < [ 100 us0506) 0 (00c) | M. (2.18)
We prove the case d = 3; the case d = 2 is similar. We have
[$lz < ClAG o], ¢ € D(A). (2.19)
This estimate and the embedding of H' in L implies
IB(u)|* < C(IVulgslull + [Aul|Vuljslul s + ulZ~|Aul?) (2.20)

< C(|AuP[ull + [Au[?[ul'/). O
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The stochastically driven term in (1.1) can be written formally in the
expansion

g)W =" gi(u) B, (2.21)
p

where [ are independent standard Brownian motions. To make this rigor-
ous, we recall some definitions.

Definition 2.1. A stochastic basis S := (Q, F,{Fi }+>0, P, { Bk }k>1) consists
of a probability space (0, F,P) equipped with a complete, right-continuous
filtration, namely P(A) = 0 = A € Fy, Fi = Ns=tFs and a sequence
of mutually independent, standard, Brownian motions (B relative to this
filtration.

We also need to define a class of spaces for g = {gx }r>1.

Definition 2.2. Suppose U is any (separable) Hilbert space. We define
(2(U) to be the set of all sequences h = {hy}i>1 of elements in U so that

By = D Ihilfy < oo (2.22)
k

For any normed space Y , we say that h: Y x [0, T] x Q — (2(U) is uniformly
Lipschitz with constant Ky, if for all x,y € Y

’h(x7t7w) - h(y7t7w)‘€2(U) < KVY|37 - y\y, (2‘23)

and
‘h($,t,&))‘£2(U) < Ky (14 |zly). (2.24)

We denote the collection of all such mappings Lip, (Y, £?(U)).
For the analysis below we shall assume that
g={gr}:Qx[0,00) x H— (*(H), (2.25)
and that
g € Lipy(H,*(H)) N Lipu(V, 2(V)) N Lip(D(A), 4(D(A))).  (2.26)
We shall assume moreover that if u : [0,7] x Q — H is predictable,’ then

so is g(u). Given an H-valued predictable process u € L?(Q; L%(0,T; H)),

IFor a given stochastic basis S, let ® = Q x [0,00) and take G to be the o-algebra
generated by sets of the form (s,t] x F, 0 < s <t < oo, F € Fs; {0} x F, F € Fo. Recall
that a U valued process u is called predictable (with respect to the stochastic basis S) if
it is (®,G) — (U, B(U)) measurable.
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the series expansion (2.21) can be shown to be well defined as a stochastic
integral and

(/UT (u) dW” = Z/ gr(u dﬁkv Z/ gr(w),v)dB, (2.27)

for all v € H and stopping times 7. See [11] or [27] for detailed constructions.

In order to show that the conditions imposed above for g are not overly
restrictive we now consider some examples of stochastic forcing regimes sat-
isfying (2.26).

Example 2.1. (i) (Independently forced modes) Suppose (ki (t,w)) is any
sequence uniformly bounded in L*([0,7] x ). We force the modes inde-
pendently, defining gx(v,t,w) = Kki(t,w)(v, ex)ek. In this case the Lipschitz
constants can be taken to be
KH = KV = KD(A) = Slkp ’lik(t,w)’. (2.28)
w,k,t

(ii) (Uniform forcing) Given a uniformly square summable sequence ay(t,w)
we can take gx(v,t,w) = ax(t,w)v, with

KH—KV—KD :(supZaktw )1/2

as the Lipschitz constants.
(iii) (Additive noise) We can also include the case when the noise term does
not depend on the solution gi(v,t,w) = gi(t,w). Here,

—sp (Yt )lp)”
Yk

for U = H,V,D(A) as desired.

With the above framework in place, we next give a variational definition
for local pathwise solutions of the stochastic Navier-Stokes equations. Given
a Hilbert space X, for p € [1, 00, we denote

Ly ([0,00); X) = (1] L7([0, T} X)
>0
Cw([0,00); X) ={v e L.([0,00); X) : (v,2) € C([0,00); R),Vz € X}.

Definition 2.3. (Weak and Strong Pathwise Solutions) Let S be a fized sto-
chastic basis. Assume that ug is Fo measurable with ug € L*(2, V). Suppose
that f and g are V' and (?(H) valued, predictable processes respectively with

f € L*(Q; L*([0,00); H)), (2.29)
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g € Lipy(H,0*(H)) N Lipy(V,*(V)) N Lipy,(D(A), £*(D(A))).
(i) We say that the pair (u,T) is a local weak (pathwise) solution if 7 is a
strictly positive stopping time and u(- A7) is a predictable process in V', with
u(- A7) € L@ Col[0,00): H)),  ullie, € L3R L3, (0,00 V), (2.30)

and so that for any t > 0
tAT

tAT tAT
u(tAT)+ /0 (vAu+ B(u)) dt = u(0) + fdt+ /0 g(u)dW, (2.31)

0
in V'. This equality is equivalent to requiring that for allv € V

(u(t AT),v) + /0 T(VAu + B(u),v)dt (2.32)

tAT

= <u(0),v)+/OAT<f,v> dt—i—Z/O (gr(u),v)dB.
k=1

(i) The pair (u, ) is a local strong (pathwise) solution if T is strictly positive
and u(- A7) is a predictable process in H with
u(- A7) € LA (0,005 V), ullics € LA L0, 00 D(A))), (2.33)

and such that u satisfies (2.31) as an equation in H.

(#i1) Suppose that u is a predictable process in V' and that £ is a strictly
positive stopping time. The pair (u,§) is said to be a maximal (pathwise)
strong solution, if there exists an increasing sequence T, with

Tn 1€  a.s., (2.34)

such that each pair (u,T,) is a local strong solution and so that

3
sup ||ul|? +/ | Au|?dt = oo, (2.35)
t<& 0
on the set {& < oo}. If, in addition
sup ||ul? +/ |Aul*ds = n, (2.36)
te[0,m] 0

on the set {£ < oo}, then we say that {7,} announces &.

Remark 2.1. (i) For the “pathwise” solutions we consider, the stochastic
basis is given in advance. In particular, solutions corresponding to different
initial laws are shown to be driven by the same underlying Wiener pro-
cess. This is in contrast to the theory of martingale solutions considered
for many non-linear systems. In that case, the underlying probability space
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is constructed as part of the solution. See [11], chapter 8 or [24] and the
references in the introduction. Since the context is clear, we will drop the
“pathwise” designation for the remainder of the exposition.

(ii) If (w, 7) is a local strong solution, then (2.33) implies that

.
IEI( sup ||u||2+/ |Au\2ds) < 0. (2.37)
t€(0,7] 0

So far, we are not able to show that E||u(t)||? is finite for any fixed (deter-
ministic) ¢ > 0. This is the case even in the two-dimensional case where we
prove the existence of a global strong solution (cf. Proposition 4.2).

(iii) Suppose that (u,7) is a local strong solution. By applying an infinite-
dimensional version of the It6 lemma (see [28] or [27]) one can show that on
the interval [0, 7], for any p > 2, |u|P satisfies

_ _ P _
dlul? + pv|ul]*|uP~2dt = p(f,u)|ul? 2dt+§§:|gk(u)|2|u|p dt  (2.38)

k=1
y 222 w0 P+ g 05

Note that the non-linear term B drops out due to the cancellation property.
Similarly for |lul|P, we have

d||u||P + pr|Au)?||u||P~2dt (2.39)

_ p > _
= p{f = B(w), Au)[ul"~?dt + 3 D g ()l lulP~2dt
k=1

* w ;@k(u)’ Au)?||ul|P~1dt + p;@k(u), Au) [[ul[P~2dBy.

3. THE GALERKIN SCHEME AND COMPARISON ESTIMATES

The first step to prove the existence of a solution is to approximate the
full equations with a sequence of finite-dimensional stochastic differential
equations, the Galerkin systems.

Definition 3.1. An adapted process u™ in C([0,T]; Hy,) is a solution to the
Galerkin system of order n if, for any v € H,,

d(u",v) + (rAu" + B(u"),v)dt = (f,v)dt + Z(gk(u"), v)d B, (3.1)
k=1

(u"(0),v) = (uo, v).
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We can also write (3.1) as an equation in H,(= R")

o

du™ + (vAu" + P,B(u"))dt = Ppfdt+ Y Pagp(u")dBe,  (3.2)
k=1
u"(0) = Pyug = ug.

The existence of solutions to (3.1) is classical and relies on a priori bounds
that are established using the cancellation property (2.14). See [16] for de-
tailed proofs. Uniqueness, which is not essential for our purposes, is estab-
lished as below for the full infinite-dimensional system.

We now proceed to establish the main result of the section. Note that
the conditions established hereafter are precisely those needed to apply
Lemma 5.1 in Proposition 4.2 below.

Proposition 3.1. Suppose that d = 2,3 and let {u"} be the sequence of
solutions of (3.1). We assume that for some 0 < M < oo
luol| < M a.s., (3.3)
and that
fe L*(; L2([0,T); H),
o € Lipu(IL () 0 Lip (V. (V) 1 Lip (D). £(D()),

where the spaces for g and the associated Lipschitz constants used are given
as in Definition 2.2. Consider the collection of stopping times

T 1/2
T = {r < (sup o)+ y/ auPar) " < 0+ g} (35)
t€[0,7] 0
and take T%,;lT = Tn])b/[’T N ’Z;LM’T. Then
(i) For anyT >0 and M > 1
.
lim sup sup E( sup |Ju™ — u™|? +V/ |[A(u™ —u")|2dt) =0. (3.6)
0

O m>n M. T te(0,7]

(ii) Moreover, if forn € N, S > 0 and a stopping time T, if

TAS
Ap(1,S) = { sup ||u”H2 + l// |Au"\2dt > ||u6LH2 + (M—l)Q},
te[0,7AS] 0
then
lim sup sup P(A,(7,S5)) =0. (3.7)

—0 n TeTnM,T
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Proof. Given m > n, we subtract the equation (3.2) for v" from that for
u™, and let U™" = 4™ — 4™ . We find that

AU™" + v AU™"dt = [P,B(u") — P B(u™) + (P — Po)fldt  (3.8)

‘|‘Z mgk - ngk( )]d/@k

um™m(o ):(Pm_Pn) Uo

By applying the It6 lemma to (3.8), we derive an evolution system for the
V norm of this difference?

d|lU™"||? + 2v|AU™" 2dt = 2(P,,B(u™) — P, B(u™), AU™™dt  (3.9)

+ 2((Pr — Pa) f, AU™™)dt + Y || Pmg(u™) — Prgi(u)||dt
k=1

+2Z gk (W) — Pugi(u™), AU™)dBy.

Fix an arbitrary 7 € T n , and let the stopping times 7, and 7, with 0 <

7o < T < 7 be given with 7 € Té\{nT; we integrate (3.9) from 7, to r and
take a supremum over [7,,7p]. After taking expected values we obtain

Tb
IE( sup / |AUm’"|2dt)
tE€(Tq, 7o) Ta
Th
< E[|U™" ()| + 2E / (P — Po)f, AU™ ) dt (3.10)

Tb
+2E / (P B(u™) — P, B(u™), AU™")|dt

/ 3 [ Bgi(u™) — Page ()%t

@ k=1

ap 23 / Prg(u™) — Page(u®), AU™)dfy ).

rE[Ta,Tb] 1

With the aim of employing Lemma 5.3 below, we estimate each of the terms
on the right-hand side of (3.10). For the first term, we merely split

2((Pm = Fu) f, AU™™)| < 5 IAUm’”\2 +C|QnfP. (3.11)

2Compare to (2.39) with p = 2.
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Note that
[ Prngn(u™) = Page(u™)]1* < 2/|gr(w™) — gr(w™)[* + 2| Qugr (u™)|I*.

Therefore, using the Lipschitz conditions in (3.4) and Lemma 2.1, we have

Z 1P g (u™) = Pogi(u™)|? (3.12)

<c(l

For the stochastically forced term, we apply the Burkholder-Davis-Gundy
inequality (c.f. [19])

LS agn)R) < o(I0mn P + =1+ 14w)).
n n

(s 22 / Prngs (u™) — Page(u), AU™") 5 (3.13)
TETa,Tb
1/2
< CB( [ S Pagelu™ — Page(u), AU ds)
Ta f=1

o0 1/2
< CE( [0 Y I Pagela™) — Page(a)| ds)
k=1

Ta

IN

) 1/2
cu( [T o (lum P+ s 4 ds)
1 i
< _E m,n||2 ]E m,n||2 L 1 A n|2
< 5B( s W)+ CE [ (0?4 a aa ) as

where the constant C is independent of n, m, 7, and 7. It remains to study
the non-linear term which we split as follows:

(PnB(u™) — PyB(u™), AU™" (3.14)
— (BU™", ™) + B(u", U™") 4 (P — By)B(u"), AU™)
=T+ T+ Ts.

For T in (3.14), we apply (2.16). If d equals either 2 or 3 we estimate
T < ClIU™™[[[Au™(|AU™"] < %\AU’”’”!Z +C U™ Au™?. (3.15)

Regarding T5, (2.16) yields

n m,n m,n v m,n n
I To| < ™| U™ /2| AU™ P < AU+ G| I (3.16)
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For the final term T3, we apply (2.17) in conjunction with Lemma 2.1, and
infer (m > n)

v v C, n
T3 < g|AUm’"\2 +Cy|QuBM) < g\AUm’n\Q + 5 1@nB(u )|? (3.17)

v m n CV n n n n

< glAW™ —u )!2+A—(Hu I Aw™? + a2 Au™|7/?)
v m ny|2 CV ni2 n|2

< Gl =)+ Sl

which is once again valid for d = 2,3. Combining the estimates (3.15),(3.16)
and (3.17) and using the fact that 7,,7, € TN TMT (cf. (3.5)) we infer
that [|[u™|| < M + M on the intervals under consideration, and therefore

2ds (3.18)

a

Tb Ty
E / (P B(u™) — P,B(u™), AU™™)|dt < VE / |AU™"
Tb
+CE / (T2 A+ a4 + 254 2 4w ) ds

Tb Th 1
guIE/ |AUm’”|2ds+C]E/ (™ [2(1+ | Au™ ) + A * (14 [Au"2) ) ds.
Applying the estimates (3.11)—(3.18) and rearranging gives

b

IE( sup HUm’"H2+V/ |AUm’"\2dt> (3.19)
te[TayTb} Ta

Tb

< CE|[Um™ ()2 + CIE(/

Tb
+CE [ (0 14 ?) +1QufP)at.
Ta )\’%

Note that C = C, ,, 1 Ky

(1+ [Au™ ) Ju™ — o |%dt )

Kpea) does not depend on 7, and 7. Also

T 1 N

/ 14 [Au™Pdt < = (M +M)? +T a.s. (3.20)
0 v

We now apply the Gronwall lemma (Lemma 5.3) with X = |[U™"|]?, Y =

v|AU™ 2 7 = )\;1/4(1—1- |Au™|?) +|Qnf|?, and R = 1+|Au™|%. We obtain

E( sup U7 / AU 2 (3.21)
tel0,7] 0

2 T 2 1
SCE(HQnuoH +/0 |Qn f| dt+w)-
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Observe that the constant C =C, ,, Kv.Kpa).T does not depend on n, m

or the choice of 7 € Ta" N M. Thus, (3.21) implies (3.6) after taking
the supremum over 7 € T,% ,’LT, then over m > n and finally taking the limit
as n — oo.

By application of the It formula we find an evolution equation for |lu
(This is similar to (2.39) but can be justified on more elementary terms since
we are in finite dimensions.)

nHQ

d||u”))? + 20| Au™|?dt :<2(f — B(u"), Au") + 3 Hngk(u”)H2)dt (3.22)

k=1
+2) (gr(u"), Au™)dBy.
k=1

Fix 7 € " and S > 0. Integrating (3.22) from 0 to 7 A S yields

SAT SAT
sup [lu”? + / 2 Au"? dr < [Juf|l? + / 2A(f — B(u"), Au™| dr
r€[0,SAT] 0 0

o0 o0

SAT r
+/0 l;Hngk(u")Her+ sup Z/o 2((gx(u™),u™)) dB|. (3.23)

rel0,SAT] '

Applying (2.16) we see that in both cases d = 2,3
[(B(u™), Au™)| < [|lu"|P/2|Au® P2 < Oy flu™||® + %IAU"\2~ (3.24)

Using this observation and the Lipschitz conditions imposed on g, one finds
that

SAT
sup lu"|? —I—/ v| Au™* dr (3.25)
rel0,SAT] 0

SAT
< |lugl* + Cu ., /0 (1 + [lu™)® + lu™(* + 1) dr

[ 23t as]
0 k=1

+ sup
re[0,SAT]

This implies

TAS
IP’( sup ||u"(s)”2—l—l// ]Au"|2ds>\|u8\\2+(M—1)2> (3.26)
s€[0,7AS] 0
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SAT . N (M— 1)2
< P(OV,KV /0 (12 + e + a2 4 1) dr > ===
sup

(M =1
TE[OS/\T /O Z gk ’ dﬁk 2 )

For the first term on the rlght—hand side of (3.26), Chebyshev’s inequality
and the fact that 7 € 7,M7 imply

SAT . . M — 1)2
P(CV,KV/O (F17 + Nu™)® + [[u™)? + 1) dr > %) (3.27)

20Ky AT 2 n||6 n|2
SWE ; (17 [ 17 + (w7 + 1) dr

e
S CV,KV,M,ME</O (L7 + 1)d7')-

Next, by applying Doob’s inequality for the second term, we have

P |3 [ oty an] > P50 (329

rel0,SAT] ' 2

4 SAT )
SZKT_TFE<[; HU||§:HW: ”‘”)<(%4MKVS

Given the integrability assumed for f and noting that the right-hand sides
of (3.27) and (3.28) are independent of 7 we have now established (3.7). O

4. EXISTENCE AND UNIQUENESS

With the comparison estimates for the Galerkin systems in hand, we next
turn to the questions of existence and uniqueness. Since we will need to split
the probability space into pieces (see below), it is convenient to first address
the question of uniqueness.

Proposition 4.1. (Uniqueness) Let 7 > 0 be a stopping time. Suppose that
(u®, 1) and (u?,7) are respectively local strong and weak solutions to the

stochastic Navier-Stokes equations in d = 2,3 (cf. Definition 2.3). Let uél),
u((]Q) be the associated initial conditions and assume that
P(Lo,ul” = Loul?) =1, (4.1)
for some Qg € Fy. Then
P(Lo,uM(t A7) = Lou® (t A7)t € [0,00)) = 1. (4.2)
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Proof. Let U = u(1) — u(2)' we have
dU = —[vAU + B(u™M) — )] dt + Z gr(u CN]dgy.  (4.3)

The It6 lemma yields, as with (2.38),
dU* = - 20|U|*dt — 2(B(ul) = B(u), U)dt (4.4)

+ngk @) dt+2Z (g (ut)) = gr(u®), U)dBy.
k=1

Given any stopping time o < 7, we may integrate (4.4) from 0 to o, multiply
the resulting expression by g, and finally take expectations to conclude

El, ((U() + 21//00 ||U||2dt) (4.5)

:Enﬂo( / 2(B(u®) — B(uM), +Z|Qk — gr(u?)? dt)
0

Using the cancellation property (2.14) and (2.15), we have (e.g. [8], [29])
(Bu®) = B@®),0)] = |(BU,uM),0)] < v|[U]2+ C, JluD|I[UP. (4.6)
For R > 0, define the stopping times
oR = gg{nu(l)(ow >R} AT (4.7)

Fix R and apply (4.6) and the Lipschitz condition on g in H (cf. (2.29)) to
(4.5) with the stopping time o A t. Rearranging, we estimate

or/Nt
IE]IQO<\U(UR/\t)|2+V/ |U(s)|ds)
0
or/Nt
<ConyBla, [ (WO + DTGP (48)
0

oRAt
<Cyky,rElg, /0 U (s)[*ds.
By the Gronwall and Poincaré inequalities
Elg, <]u(1)(03 At) —u®(og A t)|2> =0, (4.9)
which implies

Lo, [uV(or At) —uP (o A)2 =0, as. (4.10)
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Thus,
P(Lg, |uM (A T) —u® (AT #0) (4.11)
=P({or < 7} N{lg,|uV(tAT) —uP(tAT)?+£0})
+P({or =71} N {lg[uMEAT) —uP (AT #0})
< Plog < 7) +P(Lg, [uM (o A t) —uP (or AL)]2 £ 0)
=P(or <T1).

Note that

Plor < 7)< IP’( sup [[utV]? > R) < %E( sup ||u(1)||2) —0, (4.12)

s€[0,7] s€[0,7]

as R — oo. So for any ¢
Lo, JuM (A T) —u® (A7) =0, (4.13)

on a set of full measure which may depend on t. Taking the intersection of
such sets corresponding to positive rational times we infer

P(Lo,uM (A7) = LouP (A7)t €0,00)NQ) = 1. (4.14)
Given the continuity assumption in (2.30) we finally conclude (4.2) from
(4.14), completing the proof. O

4.1. Existence of local strong solutions.
Proposition 4.2. (Local Existence) Suppose that d = 2,3 and assume that
ug € L V), f € L*(; Lo ([0, 00); H)),
g € Lipy(H, *(H)) 0 Lipy(V, *(V)) 0 Lipy(D(A), 2(D(A))),

for some T positive. Then, there exists a local strong solution (u,T) in the
sense of Definition 2.3.

(4.15)

Proof. We proceed in two steps. First, we assume that |Jug|| < M, almost
surely, so that the estimates in Proposition 3.1 apply. Also fix M > 1 and
a positive time 7" as in (3.5). Take {u"} to be the associated sequence of
Galerkin solutions. Due to (3.6) and (3.7), the assumptions for Lemma 5.1,
(i) are satisfied for the spaces By = V and By = D(A) and the sequence
{X"} = {u"}. We infer the existence of a subsequence {u"}, a strictly
positive stopping time 7 < T" and a process u(-) = u(- A7), continuous in V,
such that

sup |lu® —u? + V/ |A(u™ —u)?ds — 0 as. (4.16)
te(0,7] 0



584 NATHAN GLATT-HOLTZ AND MOHAMMED ZIANE

Notice, moreover, that ug satisfies the conditions for Lemma 5.1, (ii) for any
p € (1,00). Thus for any such p
u(- A1) € LP(Q; C([0,T]; V), (4.17)
and
ully<, € LP(; L*([0, T]; D(A))). (4.18)
From Lemma 5.1, (ii) we also obtain a collection of measurable sets €, € F
with Q,,/ T Q such that (cf. (5.9))

/ T / p/2
SupE[ sup ||u™ (t A 7')]lQn/||2 + 1// |Au™ ]lQn,|2dS <oco.  (4.19)
n  Lieo,T] 0
Therefore, given (4.16) and (4.19), we apply Lemma 5.2 and infer
Lo, i<ru” — Ly<ru  in LP(Q; L2([0,T); D(A))), (4.20)
as well as
g ,u™ (-AT)—="u in LP(Q; L>=([0,T]; V)). (4.21)
For the non-linear term we apply (2.15) and estimate
(P B )~ B(u), 0)] < |(B(u" —u,u™), Pv)| (1.22)

(B, = u), Pv)| + [{B(w), Qo)
<C(u = ull(lfa | + D llol] + )21 Quol 2 0] /2)
n 1
<C (I = wll a1+ il + <7z Pl )

By applying (4.16) with (4.22) we infer that, given any v € V,
Licr (Py B(u™),v) — li<r(B(u),v) as n' — oo, (4.23)

for almost every (w,t) € Q x [0, T]. Furthermore, making use of the uniform
bound (4.19) with p = 4, one finds

supE(]lQn// |Pn/B(u”/)|2ds)§CsupIE(]lQn,/ Hu"’||3|Au”’\ds)
n 0 n’ 0

<CsupE<]19, sup " \|2/ \Aun’|2ds) (4.24)
te|0

SC'supIEllgn,< sup ™ ||* + / |Au™ \st

With (4.23) and (4.24), and Lemma 5.2, we gather that
Lo, t<r PyBu™) — <, B(u) in L*(Q; L([0,T); H)). (4.25)
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For the stochastic terms in (3.2), we use (4.15) and obtain
1/2

(> 1Pwgiu™) - gk(u)]2) (4.26)
k
(Z [P g (u™) — P gi(u ) <Z|Qn’gk )1/2

1
<y (I =l + 5+ ul) ds).

With this estimate, (4.16) implies 1;<, Pprg(u”™) — lly<rg(u), in £2(H), for
almost every (w,t) € 2x[0,T]. On the other hand, if ,, = 32, | P gr(u™)|?,
then

SupE[]lQn,/ Vn(s) ds} §C+CsupE[]lQn,/ |yu”/||2ds} < o0,
n 0 n/ 0

which means that
g LT Pn’g(un ) - ﬂtSTg(u)v (427)

in L2(Q; L2([0,T);£2(H))). Therefore, using (4.20) and (4.25), we deduce
that for any fixed v € H (see Remark 4.1, (i))

tAT , tAT
ﬂgn,/ (Au™  v)ds 4/ (Au,v) ds, (4.28)
0
tAT t/\T
llgn,/ (P,B(u dsé/ s,
t/\T

o ,Z/MT w gk (u™),v) By, — Z/ v) dBy,

weakly in L2(Q x [0,7]). If K C © x [0,T] is any measurable set then by
(4.21) and (4.28)

T T
IE/ Xk (u(t),v)dt = lim E/ (1o, u™ (t A7), xxv) di (4.29)
0 0

n/—o00

n/—o0

T
= lim ]E/ xx o, (Pyrug,v) dt
0
T tAT , ,
IE/ xkla,, / (vAu" + PyB(u"™) — Py f,v) ds]dt
0

-l-E/OTXK]lQ/ Z/W w g (U )dﬁk]dt>
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T tAT
ZE/ XK [(Uo,v) —/ (vAu + B(u) — f,v)ds|dt
0 0
tAT
+E / XK Z / (gk(u dﬁk}
0

Since v and K above are arbitrary, we may infer that u satisfies (2.31) as
an equation in H (cf. Remark 4.1, (ii)). It follows from (4.17), (4.18) and
the fact that 7 < T almost surely that u satisfies the regularity conditions
(2.33).

The proof is complete for the case when ||ug|| < M almost surely. We
suppose now merely that E|lug||?> < co. For k > 0, take (uy, ;) to be the
local strong solutions corresponding to the initial data wolp<|jyg|<kr1- Let

o0 o0
w=Y upllpcug<hsts T = Tellp<ugl<it1- (4.30)
k=0 =0

We now show that (u,7) is a local strong solution with initial data ug. Since
u € C([0, 7], V) almost surely, we infer that u € C([0,7]; V') almost surely.
Using the fact that Ellug|?> < oo, one infers that 1 = Y77 Ly juql<kt1
almost surely. Therefore, by applying (5.7) for each uy, we deduce

.
sup ||u|]2+u/ | Au|?ds
tel0,7]

oo

Tk
=3 Lecpugernn | s JunlP+v [ [Aufds] g
te[ 77—k] 0

Z L ul| <41 (M + Juol*) < C(M? + [|uo|1?)-

| /\

Taking expectations above, one infers (2.33) for u. Furthermore,

u(t AT) :Zﬂk§||uo\\<k+1uk(t/\7k) (4.32)
k=0
o tATE
= Z ﬂk§||u0H<k+1 [’U,() — /0 (vAuy + B(ug) — f)dt
k=0

e tATY
+ Z W< ug || <k+1 [/0 g(uk)dW} :

k=0
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and theredore,

oo
utAT) = Wpeuol<hrt F(EAT, W) = F(EA T, 1),
k=0
where

FNAT,u)= {uo — /OMT(VAU + B(u) — f)dt + /OtAT g(u)dW}

=u(0) — /OMT <VAU + B(u) — f) dt + /(]tATg(u)dW, (4.33)

where all equalities are in H. The proof is now complete for the general
case. ]

Remark 4.1. For the sake of the non-probabilistic reader we recall the
following facts used in Proposition 4.1.

(i) Weak convergences are preserved under continuous linear transforma-
tions. In the present context, it is sufficient to observe that if T" is a bounded
linear mapping between two Hilbert spaces H; and Hs then, assuming that
x, — x (weakly) in Hj, one can infer that Tz, — Tz (weakly) in Ho.

(ii) Suppose that X is a Hilbert space and

z(t,w) € C([0,T],X), a.s.w, (4.34)
and y(t,w) and z(t,w) are given so that

/y(s,w)ds—l—/ z(s,w)dW (s,w) € C([0,T],X), a.s. w. (4.35)
0 0

If we show that for every v € X and every K C Q x [0, T, measurable, that?

IE/OT Xk (z(t),v)dt = E/OT XK(/Ot(y(s),v)ds + /Ot(z(s),v)dW)dt,
then we can infer that
z(t,w) = /0 y(s,w)ds —i—/o z(s,w)dW (s,w), (4.36)

for almost every (t,w), with the equality making sense in X. It follows, for a
dense, countable set R C [0, 7], that there exists {2 which is of full measure

so that for allt € R,w € Q
t t
z(t,w) = / y(s,w)ds —I—/ z(s,w)dW (s,w). (4.37)
0 0

3compare with (4.29)
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However, since the functions on both side of the equation above are contin-
uous (in time) we may infer that the equality above holds over all w € Q
and every t € [0,7]. In the present context X = H, z(t) = u(t A7),
y(t) = Li<;Au(t) + B(u(t)) and z(t) = g(u(t)). Due to (4.17) we have
(4.34). As a consequence of (4.20), (4.25) and (4.27) we may infer (4.35).

4.2. Maximal existence time and blow-up. In this section we establish
the existence of a maximal strong solution (u, ). In addition, we show that
(u, &) is a weak solution even up to the blow up time . The first step is
to show that if a strong solution exists up to time 7 one can (uniquely)
extend this solution up to some stopping time ¢ > 7. This is captured in
the following lemma.

Lemma 4.1. Assume that (u,T) is a local strong solution of the stochastic
Navier-Stokes equations (cf. Definition 2.3) and that T is finite almost surely.
Then, there exists a local strong solution (ue, o) such that o > T almost surely
and such that Pluc(t A7) =u(t AT); t€[0,00)) =1.

Proof. Define the stochastic basis
S:= (97‘7:7 {ft}tzoﬂpﬂ {676(“}1621)
= (0, F A Frar b0, P {B (t + 7) = B(T) }e>1),

and let 49 = u(7), f(t) = f(t +71),9(-,t) = g(-,t + 7). Observe that these
data satisfy (4.15) for the basis S. As such, according to Proposition 4.2,
there exists a local strong solution (@, 7) relative to S. Define ¢ = 7 4 7
and uc(t) = u(t) for t <7 and a(t —7) for ¢ > 7. It may be checked directly
that (ue, ™+ 7) = (u,0) is a local strong solution relative to the original
stochastic 1 basis S. O

(4.38)

The next lemma establishes some further estimates on weak solutions
(u,7) in terms of the data f, g and ug that do not depend on 7. Note that
this lemma will also be employed in the next section for the proof of the
global existence in d = 2.

Lemma 4.2. Suppose that in addition to the assumptions of Proposition 4.2
we have, for some p > 2 and ug € LP(G; H), f € LP( L2 ([0,00); V")).
If (u, 1) is a local weak solution in the sense of Definition 2.3, then for any

T>0

TAT T /2
B[ sup [l ] < CBluol + CE( [ 151as)™
0 0

te[0,7AT]
(4.39)
where the constant C := C, i, p 7 does not depend on 7.
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Proof. By (2.38), for any pair of stopping times 0 < o, < 0 < 7 AT,

op
E( sup yu|P+py/ Hu||2|u|p_2dt> (4.40)
s€[oa,0p Oa
Tp
<c(utoa+ [ gl za+ [ 3 )
Oa k=1

+CpE sup /gk ) |ulP” 2dﬂk‘)
$€[0a,0p) k—1 " a

The first term on the right-hand side of (4.40) is estimated by

G [l 2t < Cop [ 1FR 2+ 2 [ 22
g 1V < Cup [ ARl e T [ Pl
Oq ou .
_9 Jp 9 Vp gp 9 Ly
< Cup( suw [ul” )/ |f’v'dt+?/ P2 dt
Oa oa

t€[oa,00)

1 A _ b p/2
< s [l + B [ Pl ae ([ 15Rds)" @
oa o

t€loa,op a

Next, using the Lipschitz assumption for g we have

Z/ (g () PP =2t <c/ (14 [ul?)[ulP~2dt

Op
<g sup |uyp+c(1+/ |u\pdt>.
te[0,T Oa

(4.42)

Finally,

CpE(  sup Z/ gi(w), u)|ufP~ 2dﬁk‘)

se [oa,00]' .1

<C’E / Z gr(w), u)?|ul?P~ 2)dt) i

« ko1 (4.43)
1/2
<Cicy ([ 1+ \u|2>|ur2<p*1>dt)

Oa

g%E( sup }|u|p) +C ,T,KHE(H/: |u\Pdt>.

te[(fa,a'b
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From estimates (4.41), (4.42) and (4.43) applied to (4.40) we infer

op
B[ swp fup+ [ Pl -2]

t€(oa,0p]

(4.44)
b Ob 9 p/2
g(JE(l + u(o)P +/ lulP dt + (/ |f|V,ds> )
We may now employ Lemma 5.3 to conclude (4.39). O

We now have everything we need to establish the existence of a maxi-
mal solution and a sequence of stopping times announcing any finite time
blow-up. The argument is adapted from Jacod [18] and Mikulevicius and
Rozovskii [23].

Theorem 4.1. Given the assumptions in Proposition 4.2, there exists a
unique mazimal solution (u,§&) and a sequence p, announcing §. In addition,
the pair (u, &) is a weak solution.

Proof. Consider the set £ of all stopping times such that 7 € £ if and only
if there exists a process u such that (u,7) is a local strong solution. Notice
that

01,09 €E L=01Voy €L, (4.45)
and that

celL=pNhoelL, (4.46)

for any stopping time p. Let £ = sup £ (see [13], Chapter 5, Section 18).
Using (4.45) we can choose an increasing sequence oj € L such that oy
converges to £ almost surely. For each o} denote by wuj the process such that
(ug, o)) is a local strong solution. Let

Qk,k’ = {uk(t Nop N\ O’k/) = uk/(t Nog Ao );t € [0, OO)} (4.47)

By (4.46) and uniqueness (c.f. Proposition 4.1) we have that Q = M Qe
is a set of full measure. For fixed w on this set and every ¢ > 0 the sequence
{ug(t AN og)lice} is Cauchy in V. Let 4(t) = limp_—oo up(t A o) Li<e almost
surely. By Lemma 4.2 and the monotone convergence theorem, for any 7" > 0

EAT
E[ sup |ﬂ]2+/ ||ﬂ|]2dt} < o0. (4.48)
te[0,EAT) 0

We are therefore justified in defining
tAE

tnE 00

(u(t),v) = (u(0),v) — /0 (wAG+ B(i) — f0)di+ 3 /0 (g0 (i0), V4B
k=1

(4.49)
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for any ¢t > 0, v € V. It is direct to check that for ¢t < {(w), u(t,w) = u(t,w)
and that u is weakly continuous (almost surely) in H. These observations,
with (4.48) and (4.49), imply that (u,&) is a local weak solution.

For R > 0 define the stopping time

t
o= inf { sup [lul? +/ AuPds > R} Aé. (4.50)
t20 L sef0,4) 0
Clearly, (u, pgr) is a local strong solution for any R > 0. Suppose, toward a
contradiction, that for some R, T sufficiently large, P(pg AT = &) > 0. By
Lemma 4.1 this would imply the existence of an element { > pr AT almost
surely with ¢ € £. But since £ is the supremal element of £, we have our
desired contradiction. We see moreover that {pr}r>0 announces §. O

4.3. Global existence in dimension two. In this section, we prove that
if d = 2 the maximal solution found in Proposition 4.1 is global.

Theorem 4.2. Suppose that d = 2 and that, in addition to the assumptions
of Proposition 4.2, we have ug € LP(Q; H) and f € LP(Q; L2 ([0,00); V")),

loc
for some p > 4. Then the maximal solution (u,§) is global in the sense that

& = o0 almost surely.

Proof. Let p, be an increasing sequence of stopping times announcing &.
Observe that

{e<ot=UJte<smr=U e =T} (4.51)
T=1

T=1n=1
Using the fact that p, is increasing we have

P( ﬁ{pn < T}) - J\}Ean< ﬁ{pn < T}) - ]\}Erle(pN < T). (4.52)
n=1 n=1

Thus, to establish the desired result, it is sufficient to show that for any fixed
T <
P(py <T)— 0as N — oc. (4.53)

For M > 0, define the stopping time
tAE
ap = inf {/ Jul*[ufds > M} A2, (4.54)
t>0 0

We have P(py < T) <P(py <TN{ypm >T})+P(yyr <T). The first term
on the right-hand side is bounded by

pNAT
IP’({ sup ul|? +/ | Au|?ds > N} N {yar > T}) (4.55)
te[0,on AT 0
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PNAYM

< IP’( sup  |lul|® + / | Au|?ds > N).
tG[O,pN/\’y]\/j] 0

Fix T, M, N and a pair of stopping times 7, < 7, < py A v Integrating

(2.39) for the case p = 2, and performing some standard manipulations using

the weighted Young inequality, one finds

Tb
E( sup ||u||2+u/ AuPds) (4.56)

tE[TaaTb] Ta

< CE(Jutrl? + [ (1P +1(Bw), Au] + ful)ds)

Ta

+5( s 2> /t<<gk<u>7u>>dﬁky).

te[TﬂdTb] k=1"Ta

By making use of (2.16) for d = 2
(B(w), Aw)| < [ul?[[ull| Au*? < CyJuf*Jul|* + %lAU|2- (4.57)

For the last term in (4.56), the Burkholder-Davis-Gundy inequality implies
1/2
sup Z/ dﬂk < CE Z/ th)
te[Tu.:Tb] k=
Tb
< CKVE< /

Ta

b
sup HuHQ—i-CKVV/ (14 ul)dr).
Ta

€[7a,7]

1+ HuH?)HuH?dt) v (4.58)

<E<1
2,

Applying (4.57) and (4.58) to (4.56) and rearranging implies

Tb
IE( sup Hu(t)HQ—i-u/ ]Au\2d3>

L€ [7a, 7]

<CE(lu(r) P+ [ ((uPlul? + 1l + 117) ds).

Ta

(4.59)

where C = C,, ,,. The expression on the right-hand side of (4.59) can be
bounded independently of 74, 7. Also, by definition

Y™
/ lul?||ul|®ds < M,  aus. (4.60)
0
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Lemma 5.3 then implies

PNNYM
E( sup  Jlu@®)|?® + V/ \Au\2ds>
0

2T
SCV,KU,M,T]E<HU0H2 —i—/o (|£]* + 1)ds).

Note that C, i, mr does not depend on N. Using (4.55) with (4.61) we
infer

2T
P(py <T) < %E(HuOHQ +/0 (1f1> + 1)ds> +P(y <T). (4.62)

Thus, for any fixed M
Jim P(pny <T) <P(ym <T). (4.63)
—00

Finally, by applying Lemma 4.2 we find that

TNE 9 9 1
< < > < —
]P’(VM_T)_P(/O a2 ] dt_M) < E(/O

which goes to zero as M — oo, and (4.53) follows. O

TAE
et ),

5. ABSTRACT RESULTS

In this section we formulate and prove a collection of abstract lemmas
which are employed above to circumvent the key difficulties related to com-
pactness for the Galerkin scheme. As such we believe that these results
could prove useful for the study of local well posedness for other non-linear
stochastic partial differential equations.

5.1. A pairwise comparison theorem. We have made use in Proposi-
tion 4.2 of the following abstract comparison lemma. The formulation and
proof extends Lemma 20 in [23]. Let (2, F, (F:)e>,P) be a fixed, filtered
probability space. Suppose that By and By are Banach spaces with By C By
with continuous embedding. We denote the associated norms by |- |;. Define
E(T) := C([0,T]; B1) N L3([0, T); By) with the norm

) T 5\ 1/2
Ve = (sup VOF+ [ (o))" (5.1)
te[0,T] 0

Let X,, be a sequence of Bs-valued stochastic processes so that for every
T >0 X, € &T) almost surely. For M > 1,7 > 0 define the collection of
stopping times

TMT = {7 <T; [ Xnler) <M+ |Xn(0)]1}, (5.2)

n
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and let ’Z}L]}/YI;LT = ’]}LM’T N Tﬁ“.
Lemma 5.1. (i) Suppose that, for some M > 1 and T, we have*
lim sup sup E[X, — Xpulgir) =0 (5.3)

n—oo mzn TGTWILJ;LT
B

lim sup TeS;E’T P [|Xnlerns) > 1Xn(0)]1 + M — 1] =0. (5.4)
Then, there exists a sZapping time T with
PO<7<T)=1, (5.5)
and a process X (-) = X(- A1) € E(T), such that
| Xn, — Xlgz) — 0, as. (5.6)
for some subsequence n; T co. Moreover,
| X|e(ry < M + sup 1 X0 (0)]1, a.s. (5.7)
(i) If, in addition to the conditions imposed in (i)
sup E| X, (0)|} < oo, (5.8)
n
for some 1 < p < 0o, then there exists a sequence of sets £ T € such that
S?pEﬂQl]an\g(T) < 00, (5.9)
and
EIX[2, < C, (Mp +sup E;Xn(())yf;). (5.10)

Proof. Our first step will be to identify the convergent subsequence. We
proceed by induction on [ and start with [ = 0 and ng = 1. When n; is
known, we easily find n;41 > ny, thanks to (5.3), satisfying

sup  E|Xy, — Xy ler) <272 (5.11)
reT
npny
Next, to find 7, as needed for (5.5) and (5.6), we define
7= inf { | Xulew > [Xa (01 + (M =1+27 )} AT, (5.12)
and let
g .
Oy = ﬂ {’Xn] - an+1‘§(7j/\7'j+l) < 2_(]+2)}' (5.13)
j=N

4Compare to (3.6) and (3.7)
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M,T

Noting that 7, A 741 € Tny,y ny» We have

P(‘Xm _XnHl’g(Tl/\”H) = 2_(l+2)> = 21+2E’an _an+1‘€(ﬂ/\'rl+1) <2702
By the Borel-Cantelli lemma we infer that
o0 [e.9] '
P( ﬂ U {‘X”j o an+1’5(‘fj/\7'j+1) z 2_(]+2)}) =0, (5.14)
N=1j=N

and therefore that Q := U NEy is a set of full measure.
To show that {7;} converges, we establish that

Tir1(w) < 7(w)  for every | > N w € Q. (5.15)

Indeed, given N and [ > N consider the set {711 > 71} N Qx. On this set
we have, in particular, that 7, < 7. With the continuity of | Xy, |¢«) in t,
this implies (cf. (5.12))

| Xl = 1Xn, ()1 + (M — 1 +271). (5.16)

Also, on Qp it is clear that

|X”l’5(TlATz+1) — [ Xy |g(7'l/\7—l+1) < 2= (+2) 5.17)
[ X141 (0)] = [ X, (0)] < 272, ~
Combining these observations, we infer
X lemanin) > 1 Xnlemanay =27 = 1Xn e — 2702
= | X0, (0)1 + (M — 1 4+27") —27(+2) 1s)
> X, (0))s + (M — 14270 —2.27¢) ‘

= ’an+1 (0)|1 + (M -1+ 27(l+1))7
over {141 > 7} N Qy. On the other hand on Qy
|X7ll+1 ‘S(Tz/\TH_l) < |an+1 |S(Tl+1) < |Xm+1 (0)’ + (M -1+ 2_(l+1))' (5'19)

Together (5.18) and (5.19) show that {11 > 7} N Qn must be empty.
Combining (5.15) and (5.14) justifies taking

T = lilm T a.s. (5.20)

To show that 7 > 0 almost surely, we fix € > 0 with T' > € > 0. We have
{n < e} c{lXnlemag = 1Xn 0 + (M - 1+27")}

(5.21)
X le(mne) > X (0))1 + (M = 1)}
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Since

{r<e=UJN{m<e, (5.22)
I=1k=l
we have that

P(r<e) = IP’( U ﬂ{Tk < e}) <limsupP(7 <€) (5.23)
!
I=1 k=l
< 5D (X lsmne > X O+ (M = 1)),

Making use of the condition imposed in (5.4) we see that

P(r =0) =P(Neso{7 < €}) = 1(5(1)11@(7’ <€) =0. (5.24)

By construction, 7 < T, so 5.5 now follows.
We may now prove that X, is Cauchy in £(7) almost surely. Notice that,

due to (5.15), for every w € €, one can choose N = N(w) so that w € Qn
and 7(w) < 141(w) < 7(w) whenever [ > N. As such

’an (w) - an+1(w)|€(7—(w)) < ’an (w) - an+1(w)|€(7—mn+1(w)) < 2_(l+2)7
(5.25)
where the final inequality is due to (5.13). Therefore, there exists a process
X(-) = X(- A7) € &(7) such that lim; . [Xpn, — X|g() = 0 almost surely.
To establish (5.7), (5.9) and (5.10) take ; as in (5.13). Again using the
fact that ;7 > 711 > 7 on €,

]191|an|5(7-) < 2~ () + ]191|an+1|8(7-)

5.26
< Xy (O + M < sup| X, (0)) + M1, 520
n
which yields (5.7). The second inequality in (5.26) implies
BTy | X [2r) ) < Cp(MP + B[ X, (0)). (5.27)

The bound (5.9) follows from (5.27) as a consequence of (5.8). By applying
Fatou’s lemma we infer (5.10). O

5.2. Weak convergence lemmas. We next establish a general result con-
cerning weak convergence in Banach spaces that is used to uniquely identify
certain limits that one infers from Lemma 5.1.

Lemma 5.2. Suppose that X is a separable Banach space and let D C X be
a dense subset. Let X* be the dual of X and denote the dual pairing between
X and X* by (-,-). Assume that (E,E, u) is a finite measure space and that
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p € (1,00). Assume that u,u™ € LP(E, X*) with {u"} uniformly bounded in
LP(E, X*) and
(W5 = (u,y) p— e (5.28)
for ally € D. Then
u =", (5.29)
in LP(E, X*).
Proof. Fix y € D and define
Ey ={we E: |[(u"(w) —u(w),y)| <1, for every m > N}. (5.30)

Let xn be the indicator function associated to En. Note that as a conse-
quence of (5.28)
1—xny—0 as N — oo, (5.31)
p-almost surely.
Let F € £ and N > 1 be given. We observe that, due to the dominated
convergence theorem,

lim ‘/ xn(u" — u,y)du‘ =0. (5.32)
n—oo F
As such
lim sup ’ / (u" — u,y>d,u,’ < lim sup ‘ / (I —xn)(u" — u,y)du’
n— oo F n—oo F

. n 1/p ’ 1/p
<timsup lyllx ([ 0 = ulfed) " ( [ 11wl dn)

SC(/ 1- XN’pld,UJ>1/p,-
F

For the last bound above we use only the uniform bounds on «™ in LP(E, X*)
so that C' can be chosen independently of N. Taking N — oo and applying
the dominated convergence theorem with (5.31), we finally conclude that

lim }/W . u,y}du‘ —0. (5.33)
n—oo F
Observe that (cf. [31], Chapter 5)
d
S:= {Szzyk3XFkayk€D,Fk€5,d<OO} (5.34)
k=1

is a dense subset of L? (E, X). As such, a simple density argument estab-
lishes (5.29) from (5.33). O
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5.3. A gronwall lemma for stochastic processes. In this paper, we used
the following lemma several times in an analogous manner to the classical
Gronwall lemma.

Lemma 5.3. Fix T > 0. Assume that X,Y,Z, R : [0,T) x & — R are
real-valued, non-negative stochastic processes. Let 7 < T be a stopping time
so that

E /0 (RX + Z)ds < 0. (5.35)

Assume, moreover, that for some fixed constant x,
/ Rds < Kk, a.s. (5.36)
0
Suppose that for all stopping times 0 < 7, <71, < T
Tb Tb
E( sup X + / Yds) < COIE<X(TG) + / (RX + 2) ds), (5.37)
tE([Ta,Tp) Ta Ta
where Cy is a constant independent of the choice of 1,,7,. Then
E( sup X+/ Yds) < C’IE(X(O)+/ st), (5.38)
te(0,7] 0 0
where C' = C(Cy, T, k).

Proof. Choose a sequence of stopping times 0 = 79 < 71 < ... < 7§y <
TN+4+1 = T, so that

Tk 1
/T]c 1 Rds < 3Co a.s. (5.39)

For each pair 71, 7 take 7, = 7,1 and 7, = 73 in (5.37). By making use
of (5.39) and rearranging we deduce

Tk

Tk
E( sup X+/ Yds) gCEX(Tkl)—i—CE/ Zds.  (5.40)

t€[Te—1,7k] Th—1 Th—1

Assuming, by induction on j, that

T Tj
E( sup X+/ Yds) gCEX(0)+CE/ Zds,  (5.41)
te[0,75] 0 0
then
Tj+1
IE( sup X + / Yds) (5.42)
t€[0,7541] 0

T4 Tj+1
§CEX(O)—|—C]E/JZd8—|—CE sup X—I—/j Yds)
0 T

te[r;,mi41] j
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7"+1 T‘+1
< CEX(O)+C]E/ " Zds+ CEX(r;) < CEX(0)+CE/J Zds.
0 0

Hence (5.38) follows. O
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