LARGE DEVIATIONS AND TRANSITION BETWEEN EQUILIBRIA FOR
STOCHASTIC LANDAU-LIFSHITZ EQUATION

ZDZISLAW BRZEZNIAK, BEN GOLDYS, AND T. JEGARAJ

ABSTRACT. We study a stochastic Landau-Lifshitz equation on a bounded interval and with
finite dimensional noise; this could be a simple model of magnetisation in a needle-shaped
domain in magnetic media. We obtain a large deviation principle for small noise asymp-
totic of solutions using the weak convergence method. We then apply this large deviation
principle to show that small noise in the field can cause magnetisation reversal and also to
show the importance of the shape anisotropy parameter for reducing the disturbance of the
magnetisation caused by small noise in the field.
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1. INTRODUCTION

The aim of this paper is to study the stochastic Landau-Lifshitz model of magnetization for
needle-shaped ferromagnetic domains. It is natural to describe such a domain as a bounded
interval A C R filled in by a ferromagnetic material. Let m(x) € R? denote the magnetisa-
tion vector at the point x € A. For temperatures below the Curie point the length of the
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magnetisation vector is constant over the domain, hence it can be assumed that
m(z)| =1, z€A.
In this paper we will always assume that m satisfies the Neumann boundary condition

om
%(t,
This assumption is standard in physical models of ferromagnetism. According to the Landau

theory of ferromagnetism any stable magnetisation vector m should minimise the Landau
energy functional &(m). In this paper we will consider the energy functional of the form

/\vm |2d:z+ﬁ/ z) + m3(z)) da — /F-m(x)dx , (1.1)

A

x)=0, x€dA.

exchange energy anistropy energy energy of applied field

where F € R3 is a fixed vector and F - m is an inner product in R3. Stable points m €
H! (A, RS) of the energy & satisfy the conditions

om
0T |55

where the gradient V2& of & is understood with respect to the Hilbert space L?(A,R3). If
m is not a stable configuration then according to the theory of Landau and Lifschitz modified
later by Gilbert, the magnetisation will evolve in time subject to the equation (LLG in what
follows):

%—T(t,x) = —m(t,x) x V28 (m)(t,x) + am(t,z) x (m(t,z) X Vi2&(m)(t, z)),

Vie&(m) =0, |m(z)| =1, =0,

where o > 0. One may expect that the solution to this equation tends to a stationary point
of the energy for ¢ — co. Let us recall that some magnetic memories (for more information
see for example [21]) are made of single-domain, needle-shaped particles of iron or chromium
oxide about 300 to 700 nm long and about 50 nm in diameter. Each magnetic domain has two
stable states of opposite magnetisation and these states are used to represent the bits 0 and
1. The anisotropy energy is minimised when the magnetisation points along the needle axis.
It is observed that under the influence of thermal noise the magnetisation can spontaneously
reverse, causing loss of data. To investigate thermally induced magnetisation reversal, it is
natural to use a stochastic version of the LLG equation. Informally speaking, we want to
consider the LLG equation which corresponds to the energy functional with the applied field
K = F + noise. More precisely, our aim will be to analyse transitions between equilibria
under the influence of a small noise \/ed{(t, z), where

3

dé(t,x) =) hi(x)dWi(t),

=1

e represents dimensionless temperature, h* : A — R3 and W = (W;) is a standard Wiener
process in R3. Then it is natural to model the dynamics of the magnetisation M using the
Stratonovitch stochastic differential equation

dM = —M x (Vi2&(M)dt — o/edW) + aM x (M x (Vi2&(M)dt — oy/edW,))  (1.2)
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where o denotes the Stratonovitch integral. Let us note that the Stratonovitch integral allows
us to preserve the constraint |M(¢,z)| = 1 for all times.

In order to formulate the final version of the equation we are going to study, we need some
additional notations. Let (f;) be an orthonormal basis in R3,

fW) =W -fo)f2+ - fs)fs yeR’

and

G(M)h=M xh—aM x (M xh), h:A—R3
see Section 2 for more details. Then, using (1.1) we obtain the stochastic LLG to be studied
in this paper:

dM = G(M) [(AM — Bf(M) + F|dt + JeG(M) o d¢, te€ (0,7,

%(MBA =0, t € (0,7, (1.3)

Note that since G(y)h is orthogonal to 3 € R3 for every h € R3, the formal application of the
Ito formula yields |M(t,z)| = 1.

To the best of our knowledge the stochastic LLG in the form (1.3) has not been studied
before. The existence of weak martingale solutions is proved for a similar equation in a
three-dimensional domain in our earlier work [3]. Kohn, Reznikoff and vanden-Eijnden [14]
modelled the magnetization M in a thin film, assuming that M is constant across the domain
for all times and the energy functional contains the applied field only. In this case equation
(1.2) reduces to an ordinary stochastic differential equation

AM = M x (F 4+ zodW) — aM x (M x (F 4 /z 0 dW)).

where W is now a standard Wiener process in R?. Kohn, Reznikoff and Vanden-Eijnden used
the large deviations theory to make a detailed computational and theoretical study of the
behaviour of the solution. At the end of their paper, they remark that little is known about
the behaviour of the solutions of stochastic Landau-Lifshitz equations which do not assume
that the magnetization is uniform on the space domain.

In this work we study a stochastic LLG equation (1.3) on a bounded interval of the real line.
We start with the existence of weak martingale solution stated in Theorem 3.1. The main
ideas in the proof of Theorem 3.1 are essentially the same as those in the proof of the existence
theorem in [3]. Since the full proof of Theorem 3.1 is rather long and adds little to [3], in the
proof of Theorem 3.1 we only outline the main ideas and points of difference; a detailed proof
of Theorem 3.1 is in [4].

Since the domain A is one-dimensional, we are able to prove that weak solutions are in fact
strong and unique. In Theorem 4.2 in Section 4, we state a pathwise uniqueness result for
solutions of equation (1.3); the proof is straightforward and details are omitted. In Theo-
rem 4.4, we assert the uniqueness in law of weak martingale solutions of equation (1.3) with
paths in S := C([0,T];H) N L* (O,T; H'? (A,R3)); we also assert the existence of a mea-
surable mapping J : C ([O,T];R3) — S which maps the Wiener process W to a solution,
y := J(W), of (1.3). Theorem 4.4 is a consequence of a very general version of the Yamada
and Watanabe theorem proved in [16].
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Next, we prove strong regularity properties of solutions to (1.3). Namely, we show that
T T

/A/|VM(t)‘4dmdt+/A/|AM(t)\2dl’dt<oo,

0 0
see Theorem 5.2 for a precise formulation.

In Section 6 we prove the Large Deviations Principle for equation (1.3) with F' = 0.

We first identify the rate function and prove in Lemma 6.1 that it has compact level sets

in the space

2 =C([0,T); H? (A;R?)) N L2 (0, T; H*? (A R?))
The proof of this result follows from the maximal regularity and ultracontractivity properties
of the heat semigroup generated by the Neumann Laplacian and the estimates for weak
solutions of equation (1.3) obtained in Theorem 3.1 below.

The Large Deviations Principle is proved in Theorem 6.5. To prove this theorem, we use
the weak convergence method of Budhiraja and Dupuis [5, Theorem 4.4]. Following their
work we show that the two conditions of Budhiraja and Dupuis, see Statements 1 and 2,
Section 6, are satisfied and then Theorem 6.5 easily follows. A long proof that these two
conditions are satisfied is split into a number of lemmas. We note that our proof is simpler
than the corresponding proofs in [7] and [10]. In particular, we do not need to partition the
time interval [0, 7] into small subintervals.

In Section 7, we apply the Large Deviations pPrinciple to a simple stochastic model of mag-
netization in a needle-shaped domain. We show that small noise in the applied field causes
magnetization reversal with positive probability. We also obtain an estimate which shows
the importance of the shape anisotropy parameter [, for reducing the disturbance of the
magnetization caused by small noise in the field. The results we obtain partially answer a
question posed in [14] and provide a foundation for the computational study of stochastic
Landau-Lifshitz models with one dimensional domain.

1.1. Notations. The inner product of vectors x,y € R? will be denoted by x -y and |x| will
denote the Euclidean norm of z. We will use the standard notation x x y for the vector
product in R3.

For a domain A we will use the notation ILP for the space LP (A; R?’), WP for the Sobolev
space WP (A;]RS) and so on. For p = 2 we will often write H instead of .2, H' instead of
WhH2 and H? instead of W22, We will always emphasize the norm of the corresponding space
writing | f|m, |f|m and so on.

We will also need the spaces LP(0,T'; E') and C([0,T7]; E) of p-integrable, respectively con-
tinuous, functions f : [0,7] — E with values in a Banach space E. If £ = R then we write
simply LP(0,7T) and C([0,T7).

Throughout the paper C stands for a positive real constant whose actual value may vary
from line to line. We include an argument list, C(ay,...,an), if we wish to emphasize that
the constant depends only on the values of the arguments a; to a,.

2. PRELIMINARIES

We start with some basic concepts and notation that will be in constant use throughout
the paper.
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Let us recall that A C R is a bounded interval. We define a linear operator A : D(A) C
H — H by

{ D(A) = {ueH?: Vu(x) =0 for x € IA}, (2.1)

Au = —Aufor u e D(A).

Let us recall that the operator A is selfadjoint and nonnegative and D (Al/ 2) when endowed
with the graph norm coincides with H!. Moreover, the operator (A + I)~! is compact. In
what follows we will need the following, well known, interpolation inequality:

lul}ee < E?|ulmlulm  Vu € HY, (2.2)

where the optimal value of the constant k is

i)

For v,w, z € H! by the expressions w x Av and z x (w x Av) we understand the unique
elements of the dual space (H!)" of H' such that for any ¢ € H!

ay (w X Av, @y = —(V(¢ x w), Vu)m (2.3)

k = 2max (1,

and
@y (2 X (W x Av), @) = —(V((¢ X 2) X w), Vv)u, (2.4)

respectively. Note that the space H' (A) is an algebra, hence for v, w, z € H!, linear function-
als H! 3 ¢ — RHS of (2.3) (or (2.4)) are continuous. In particular, since (a x b,a) = 0 for
a,b € R3, we obtain

@y (WX Av, o) = —(v x Vw, Vo) (2.5)
@y (z X (VX Av), Q) = —(V(¢ x 2) x v, Vo)m,
and since a x a = 0 for a € R3, equation (2.3) yields
@y (@ % Av, Oy = —(V(¢ x ¢), Vo) = 0. (2.7)

The maps H! > y +— y x Ay € (H') and H! > y — y x (y x Ay) € (H') are continuous
homogenous polynomials of degree 2, resp. 3 hence they are locally Lipschitz continuous.
For any real number 3 > 0, we write X? for the domain of the fractional power operator
D (AP) endowed with the norm |z|ys = |(I + A)’z| and X~ denotes the dual space of X”
so that X# c H=H ¢ X7 is a Gelfand triple.

Let 1 = (C’O ( [0,T };R?)) ,FQW , ﬂ}/v , MW) denote the classical Wiener space, where 1"V stands
for the Wiener measure on Cjy ([0, T];RS) and FYW = (ﬁtW) is a u"'-completion of the natural
filtration IFOT = (ﬂto) te[0,T] of the Wiener process. We will say that an IFOT predictable function

F:[0,T) x Cy ([0, T];R?) — R? belongs to & if

1/2

T
IFlr=  sup / Ftw)dt| < oo
weCo(0.71%) \

Let us recall that if a given process Z is ]FIVY -predictable then it possesses an indistinguishable
version that is IE‘OT—predictable.
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We will denote by g the mapping g : R? — . (Rg) defined as
gy)h=yxh—ayx(yxh). (2.8)
The function g is of class C2. In particular, we have
[d(yh]z=Vg(y)hlz=z2xh—alzx (yxh)+yx (zxh)], hyzeR’ (29

and for every r > 0

sup (gl + |9 W)]]) < oo (2.10)

Clearly, we can define a mapping (f, h) — g(f)h for f,h from functions spaces of R3-valued
functions. If f € L™ and h € L2 then g(f)h is a well defined element of L.2. We will use the
notation G for a mapping G(f) : L? — LL? given by

G(f)h=fxh—af x(fxh). (2.11)
For fixed h; € L2, i = 1,2,3, let B : R? — L2 be defined as

3
By =) yihi
i=1
In the next lemma we use the notation h = (h;) and
il = max [l

Lemma 2.1. Assume that f; € L™, i = 1,2 and |fi|j < 1. Then there ezists C,. > 0 such
that

|G (f1)h — G (f2) hlp2 < CrlhlLee [f1 = folpz, heL™.
3. EXISTENCE OF SOLUTIONS

We will be concerned with the following stochastic integral equation
¢

M(t):M0+/[M><AM)—aM><(MxAM)]ds
0

3 t
+f/G Baw(s)+ 5 [ [eanp]Ganmy s (3)
0

=1

t
—ﬂ/G( ds+/G VBF(s,W)ds, t€0,T].
0 0

Note, that the expresssion

3 t
Z/ (G’ (M (s))h;] (G(M(s))h;) ds

=1 0

\//G ))BdW (s) +

m\m

can be identified w1th the Stratonovich integral

\f/G B o dW(s)



but we will not use this concept in the paper.
We will now formulate the main result of this Section.

Theorem 3.1 (Existence of a weak martingale solution in H'). Assume that h = (h;)}_, €

(Hl)g. Let T > 0 be fized and assume that F € Pp. Then for every My € H' there exists
a filtered probability space (Q, F,(F),P), an (F)-adapted Wiener process W in R® and an
(Z¢)-adapted process M such that

(1) for each g < % the paths of M are continuous XP-valued functions P-a.s.;
(2) For everyp > 1

E | sup |M(t)

te[0,7]

| SC(T,p,a,||Flz, | Mol [I0]]) ;

3) For almost every t € [0,T] we have M(t) x AM(t) € L2 and
(3) yte0,T] (t)

p

T
E /IM(S) x AM(s)[frds | < C(T,a, |F|l7, [|Mol], [11]])
0

(4) IM(t)(x)|gs =1 for all z € A and for allt € [0,T], P-a.s.;
(5) For every t € [0,T] equation (3.1) holds P-a.s.

Note that in Theorem 3.1, M is an H'-valued process, hence the expressions M (s) x AM(s)
and M (s) x (M(s) x AM(s)) are interpreted in the sense of (2.3) and (2.4) respectively.

Proof. The proof of Theorem 3.1 is very similar to the proof of Theorem 2.7 in [3] and here
we only sketch the main arguments putting for simplicity h; = h and he = hg = 0. We start
with some auxiliary definitions. Let e, e2, e3,... be an orthonormal basis of H composed of
eigenvectors of A. For each n > 1, let H,, be the linear span of {ej,...,e,} and let

Tl = Z (u,e)ge, ueM.
i=1
Let
Gn(f) =m,G (an) Tn, f e L™
and

GL(f) = G (tnf) T,  f €L,

Formally, G/, is a derivative of G,,.
For each n > 1, we define a process M, : [0,7] x  — H,, to be a solution of the following
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equation in H,:

t
M,(t) = m,My+ /Wn(Mn x AM,,) ds (3.2)
0

The proof of Theorem 10.6 in [8] can be used to show that, for each n > 1, equation (3.2)
has a unique strong (in the probabilistic sense) solution. Applying the Itd6 formula and
the Gronwall lemma to the processes |M, ()| and |M,(-)|%:, one can obtain the following,
uniform in n > 1, estimates.

Lemma 3.2. Let the assumptions of Theorem 3.1 be satisfyied. Then for eachn > 1

My, (t)|u = |mpuolm, forall te€[0,T7] P—a.s.
Moreover, for each p € [1,00) there exists a constant C (o, T, R,p, Mg, h) such that for every
n>1

E Sllp ’MN(t)’%ﬂ < C(Oé,T, R7p7 Mﬂvh) Y (33)
te[0,7]
p

T
E /Mn(s) x AM,(s)|4ds | <C(a,T,R,p, My, h)
0

and
P

T
E /|Mn(s) x (My(s) x AM,(s))|Zds | < C (o, T,R,p, My, h).
0

Proposition 3.3. There exists a probability space (', F',P') and there exists a sequence
(W), M) of C(0,T]) x C([O,T];X_%)—valued random variables defined on (', 7', P') such
that the laws of (W, M,) and (W), M) are equal for each n > 1 and (W], M,) converges
pointwise in C(]0,T]) x C([O,T];X_%), P'-a.s., to a limit (W', M) with distribution PV-M .

Proof. Lemma 3.2 and the two key results of Flandoli and Gatarek [11, Lemma 2.1 and
Theorem 2.2] can be used to obtain a subsequence of ((W, M,,)),>1 which converges in law
on C([0,T]) x C([0,T); X~1/?) to a limiting distribution P"-*. Then the proposition follows
from the Skorohod theorem (see [12, Theorem 4.30]). O

It remains to show that the pointwise limit (W', M’) defined on the probability space
(Q, 7' ) satisfies all the claims of Theorem 3.1. For each n > 1, (W/, M]) satisfies an
equation obtained from (3.2) by replacing W and M,, by W/ and M],, respectively. Then the
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processes M) satisfy the estimates of Lemma 3.2. These estimates together with the pointwise
convergence of the sequence (W), M]))n>1 imply that the (W', M") satisfies equation (3.1).
The proof of part 5 of Theorem 3.1 is analogous to the proofs of [3, Lemma 5.1 and Lemma
5.2] but an additional care must be taken to prove that for every ¢t < T

t
/Gn (M,) BF (s, W) ds—>/G M') BF (s,W') ds P' —a.s. (3.4)
0

To this end we note first that the processes
[0,T] x ' > (s,w’) — F (S,W’ (w’)) e R?
and
0,7 x Q' 3 (s,0) = F (s, W}, (v)) € R
are well defined and predictable on the space (', #' ) F' P’). For any ¢ € (0,T] we have

O\ﬁ_ o\“

/t G (ML) BF (s, W) ds = [ (G (ML) — G (ML) BF (s, W) ds

t
+ [ (G () - a (M) BF (s,W)) ds+/G " BF (s, W) ds.
0

Using the estimate (3.3) and the definition of G it is easy to check that in the above identity the
first two terms on the right-hand side converge to zero P’-a.s. To complete the proof of (3.4) we
use the fact that, given > 0, there exists a bounded function F), : [0, T x Cy ([O, T; R3) —R3
measurable with respect to the completed Borel o-algebra % ([O,T] x C ([O,T ],R3)) such
that F,(s, ) is continuous on Cp ([0, T]; R?) for each fixed s € [0, T] and

T

/ F(s, ) — Fy(s, )2 ds 1" (df) <
Co([0,T];R3) O

This fact follows form the assumption that the associated mapping F' : Cy ([0,T];R3) —
L? ([O, T ];Rg) is Borel-measurable and bounded and p" is a Radon measure. Finally,

t t
/G ) BF (s,W})d /G (BF (s, W,,) — BF, (s,W},)) ds
0 0
t
—l—/G F, (s,W,)ds.
0

Since each process W}, has distribution p'V' on the space Cj ([0,T];R?) convergence (3.4)
follows by taking first n — oo and then n — 0. O
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4. UNIQUENESS AND THE EXISTENCE OF A STRONG SOLUTION

The main results in this section are Theorem 4.2, on pathwise uniqueness of solutions of
equation (3.1) and Theorem 4.4 which is a version of the well known Yamada and Watanabe
theorem, on uniqueness in law and the existence of a strong solution to equation (3.1). We
start with a simple

Lemma 4.1. Let u be an element of H' such that
|u(z)] =1 for all x € A.
Then
ux (ux Au) = —|Vul*u — Au, (4.1)
where the equality holds in (H')'.
Proof. Using definition (2.4) and invoking a well known identity
x (bxc)=(a-c)b—(a-b)e, a,bceR3,
we obtain for any ¢ € H':
gyl (ux )l = —(V](6 x w) x u, Vud
= <]u\2v¢, Vu)H —(V[(u - ¢)u], Vu)mg.
Since by assumption u - Vu = $V(|u|?) = 0 for a.e. @ € A, we obtain
@y (ux (ux Au), @) = (Vo, Vu)y — (|Vul?u, ¢)y
— p(—IVuPu = Aoy,
(|

Theorem 4.2 (Pathwise uniqueness). Assume that (2, #,Fp,P) is a filtered probability space
with the filtration Fr = (F1)ep,r and an R3-valued F-Wiener process (W (t))ieo) defined
on this space. Assume also that F' € Pp. Let My, My : [0,T] x @ — H be F-progressively
measurable continuous processes such that, for i = 1,2, the paths of M; lie in L* (O,T;Hl),
satisfy property (4) from Theorem 3.1 and each M; satisfies the equation

Mz(t) = Mo—l-/MzXAMZdS—Oé/MZX(MlXAMZ)dS

t 3 t
+ e [ G(M)Baw(s) + = hy] G (M;) by ds
! [l
—B | GM ) ds+ | G (M;) BF(s,W)ds (4.2)
[ounron s o

for allt € [0,T], P-almost everywhere. Then
M (-, w) = My(-,w), for P—ae weq.
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Proof. Let us fix F' € &p and let R > 0 be such that

T
/|F(t)|2dt <R?) P-as.
0
Note that the above implies that

T
/ |F(t)|dt < RVT, P —as. (4.3)
0

First, we note that by Lemma 4.1 the following equality holds in X~1/2.

Mi(s) x (Mi(s) x AM;(s)) = — |V M;(s)|2M;(s) — AM;(s).

Let us assume that M; and My are two solutions. Because |M;| are uniformly bounded by
assumption, by the local Lipschitz property of G, G’ and f, as well by the assumptions that
each h; € L, there exists a constant C > 0, such that for all ¢ € [0, 7],

3
D G(Ms(6)hi — G(Mi(0)hilf2 < CalhE | Ma(t) = My (D)2, (4.4)
=1

w

D 1G (M) hiG(Ma(t))hy — G (My (8)) hiG (M (£) hilZ2 < Ca b | Ma(t) — Mi(1)(35)

=1

([(G (Ma(t)) = G (My(t)) )| BF (s, W), Ma(t) — My (t))y.2 (4.6)
< C|F(t)| |l |Ma(t) — My(t)[F2

(G (Ma(t)) f (Ma(t)) — G (My(t)) f (My(t)) , Ma(t) — My(t))y2 (4.7)

< Cy| My (t) — My (t))2.

Let Z = My—M;j. Then by Lemma 4.1 the process Z belongs to M2(0, T'; V)NL2(£2, C([0, T]; H)
and Z is a weak solution of the problem

dZ(t) = «AZdt+ a|VMs|> My — VM, |* M) dt (4.8)
+ (M2 X AMQ — My x AMl) dt
+ e — G (M) ) BdW (s)

(G(
3
+ gz[af (Ma) hjG (My) by — G’ (My) hy G(Ml)h]d

- B[G (M) £ (M) = G (M) £ (0) |
G (Ma(t)) — G (Mi(£)) )| BF (s, W) dt
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We can check that all assumptions of the It6 Lemma from [17] are satisfied (to be done!) and
therefore we have

%d|Z(t)|I2{ — (AZ,Z)dt

|V My(t)|* Ma(t) dt — [V M (8)[*My(t), Z) dt
(VM (t) + VM (t)) M1 ()V Z, Z) dt

(Ma(t) x AZ,Z) —{Z x AM;(t), Z)} dt

>

G/
7j=1
— B(G (Ma(t)) f (Ma(t)) — G (Mi(2)) f (Mi(2)), Z) di
(G (Ma(t)) — G (My()) )] BF (s, W), Z) dt

+ 4+

+
| ™

(Ma(t)) h;jG (Ma(t)) hy — G (Ma(t)) h;G (Mi(1)) by, Z) dt
2

_|_

e D _I(G (Ma(t)) = G (Mi(t) ) byt

—

N
<

3
VS G (Ma(t)) — G (M (1)) )y, Z) AWy (s)
j=1

8 3
= DLy dt+ Y Io() dW;(t) (4.9)
j=1

=1

We will estimate all the terms in (4.9). In what follows we will often use inequality (2.2) and
k is the constant from that inequality. Let us start with the 15¢ term:

Li(t) = —(AZ(t),Z(t)) = —|VZ(t)*
As for the 2nd term we have
(VM| My — |V My |2 My, Z)

= (IVMZ, Z) + (VM1 + VMu)M\V Z, Z) =: T+ > 1.

Next,

VM |f | Z|f o

K|V Mz 2| Z|L2| 2]

K2V Mo|22| Z|p2 (122 + [V Z)12)

K|V Mal|fa| Z|F s + KV Ms|f 2| Z|L2 |V Z L

INCINCIN N

N

/{74
K2V Mo 24| 2|2, + 2772|VM2|ﬁ2|Z|i2 + 2 VZ2,
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and
I < [VMilge| My e [V Z]go|Z]ise < [VMilp2|V Z]p| Zlie
< KMV ZIl 215 (1212 + 1V Z)2%)
< HIVM V2|2  Z)e + K[V Milp2| 212V 2|2,
< SIVMIEIZE + PV 2R + VM2 + SV 2 s
Hence,

k2
1(t) = (IVM*My ~ [VM My, Z) < B2 [VAL s + 55 VMl

2 2

1 k2 5

+ D VMl + g5 ) VM| 122 + IV Z s
i=1 =1

Let us note now that by (2.7), the 2°¢ part of the 4" term, i.e. (Z x AMj,Z) is equal
to 0. Next, by definition (2.5), similarly as the estimate of I1; above, we have the following
estimates for the 1st part of the 4" term using the bound |Z|p~ < 2, we get

(My x AZ,Zy = —(Z xVMy,VZ)<|Z|Lo|VMa|12|VZ|2
k2 k4 3
< EIVMi!?m!Zth +PIVZIE + @\Vleﬁlelé + V2L
Therefore, we get the following inequality for the 4" term

Li(t) = [(Ma(t) x AZ,Z) = (Z x AM; (1), Z)
< ’iQWMF |Z12, + |V Z|? +k—4|VM-y4 | Z|? +§ 2V Z?
X 772 ilL2 L2 n L2 4776 i|1,2 L2 47] L2

Next, we will deal with the 3" term. Since |Mi| .~ = 1, the Holder inequality yields
(VM;M\VZ,Z) < |[VMj|2|Mi|Lee|VZ|2|Z 1 < VMl 2|VZ| 12| Z]|1e

k2 K 3
< EIVMith!Zth +1P|VZ[E2 + @\VMilﬁleliz + an\Vthm-

Therefore, we get the following inequality for the 3' term

2 2
]432
L(t) = (VM; + VM)MiVZ, Z) = <VM]-M1VZ,Z)<?<§ |VMi|H%2)|Z|i2
j=1 i=1

ko 3
+ 192+ s (VML) 21 + SV 2R
=1

By inequalities (4.4), (4.6) and (4.7) we get the following bound for the 5 6% and 8"
terms

Li(t) < C1|Z(1) 2.
1=5,6,8
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Finally, for the last term we get by (4.6)
1) < CLUP @)1 Z(1) .

Finally, let us define an R-valued process

t 3
Eo(t) ::/ngd(s) dW;(s) t € [0,T).
o J=1

Obviously, & is an L2-valued martingale. Next we add together the terms containing 7%|V Z |i2
to obtain

19
S IVZIL <’V 2L
Choosing 7 in such a way that 51> = %, we introduce a process

]{22
ot) = C+|F@)]+F|IVMafZ + 22| VM1

2 2
1 k2
+ ¥ VMR + 5 ST Iva()]]
=1

=1
kz 2 k4 4 k4 : 4
+ ?WM@-(%Q + 4—776|VMZ-(t)|L2 + yo ; \VM;(t)|t, t€[0,T).

Therefore, from all our inequalities we infer that for some constant C' > 0
t

Z0F: < [ ¢(6) |2z ds + &), te 0.7) (4.10)
0
Then by the Ité6 Lemma applied to an R-valued process (see [20] for a similar idea)

t
— [o(s)ds
Y(t) = Z(0)Re 0, te0,T],

we infer that

t t
Y() < / e 470 dess)

0

:\/E' /te
0

Jj=1

o

o (s) ds<G (Ma(t)) — G (My (1)) Yhj, Z) dW;(s), t € [0,T).

Since My, My and Z are uniformly bounded and G is locally Lipschitz the process defined by
the RHS of the last inequality is an F-martingale. Thus, we infer that

EY (t) <0, t€[0,T],

and since Y is nonnegative, we deduce that Y (t) = 0, P-a.s., for every ¢ € [0,7]. Finally, the
definition of Y yields

Z(t)=0 P-—a.s., forevery te][0,T].
This completes the proof. ]
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Remark 4.3. Our uniqueness result should also hold in a stronger sense as follows. Suppose
that M; is a solution in the sense of the last theorem and Ms a solution in the sense of
Theorem 3.1, defined on the same filtered probability space. Then M; = M> as in Theorem
4.2.

By an infinite-dimensional version of the Yamada and Watanabe theorem [16] pathwise
uniqueness and the existence of weak solutions implies uniqueness in law and the existence of
a strong solution. In Theorem 4.4 below, we state such a result for equation (3.1). In what
follows we say ‘weak solution’ instead of ‘weak martingale solution’ and, to simplify notation,
we set

Sr = C([0,T]; H) n L*(0, T; HY). (4.11)

Theorem 4.4. Let assumptions of Theorem 4.2 be satisfied. Then uniqueness in law and the

existence of a strong solution holds for equation (3.1) in the following sense:
(1) if W, M) and (W', M") are two weak solutions of equation (3.1) with W and W' being
two Wiener processes, defined on possibly different probability spaces and M and M’

are St-valued random variables, then M and M’ have the same law on St;
(2) there exists a measurable function J : (C ([0, T];R?) , %C([O I R3)) (ST, Bs,.) with

the following property: for any ﬁltered probability space (Q F (j)te[OT P), where
the filtration (Jt) is such that Py contains all sets in F of P-measure zero, and
for any (F;)-Wiener process (W(t))te[O,T] defined on this space, the process J(W) is

(F)-adapted and the pair (W, J(W)) is a weak solution of equation (3.1).

By Theorem 4.2 it is enough to apply in the space St the Yamada-Wantanbe theorem in the
version proved in [16].

5. FURTHER REGULARITY

In this section, we assume that (W, M) is a given weak solution of equation (3.1) such that
M has paths in the space St defined in (4.11). Recall that, by Theorem 4.4, the law of M is
unique. Some regularity properties of M are listed in Theorem 3.1. The main result of this
section is Theorem 5.2, where we prove stronger regularity of the solution. In Proposition 5.4,
we use this estimate to show that paths of M lie in C([0, T]; H'), P-almost everywhere; this
improves upon the continuity property in Theorem 3.1.

We start with a lemma that expresses M in a form which allows us to exploit the regularizing
properties of the semigroup (e*tA). The proof of this well known fact is omitted.

Lemma 5.1. For each t € [0,T] P-a.s.
t t

M(t) = e "My + / e I x AM)ds + / e =4 (|VM|2M) ds
0

0
t t
+ [t MGONBEGs W) ds+ <) / WDAGOM)BAW () (5.1)
0
t

3 t
—B/e (=) A (M —i—;Z/e (E=)AG! (M) h;G(M ) h; ds.
0

0 =1
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Theorem 5.2. Assume that My € H', F € ZPr and h = ( 5 3 and let M be the

corresponding weak solution. Then there exists a constant C ::C (a T HF|| | Mol|, |h]) such
that

/mM@@ﬁ+/wM@@ﬁ <C.

Proof. We will use repeatedly the following well known properties of the semigroup (e*tA).
The semigroup ( _tA), where A is defined in 2.1, is ultracontractive (see, for example, [2]),
that is, there exists C' > 0 such that for 1 <p < g< o0

le "t flLe < ﬂﬂm, felP, ¢t>0. (5.2)

3 (*‘a
It is also well known that A has maximal regularity property, that is, there exists C' > 0 such
that for any f € L?(0,T;H) and
¢
u(t) = /e(ts)Af(s)ds, t €[0,7],
0

we have
T T
[1aul de<c [ i@ (5.
0 0

Without loss of generality we may assume that ho = hy = 0 and put hy = h. Then by Lemma
5.1 M can be written as a sum of seven terms:

6
= my(t)
=0

and we will consider each term separately. Let us fix for the rest of the proof T > 0 and
6 € (8, 4) In what follows, C stands for a generic constant that depends on 7T only. In order
to simplify notation, we put (without loss of generality) e = o = 1.

We will show first that

E/|M(t)|§wl,4 dt < C(a,T,R, My, h). (5.4)

To this end we will prove a stronger estimate:
T 4
IE/ ‘AJM(t)‘H dt < C(a, T, R, Mo, h). (5.5)
0

Then (5.4) will follow from the Sobolev imbedding X < W4,
We start with mg. For each ¢ € (0, 7], we have

‘M—MM’ tﬁzmww,
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and therefore,
T

4
/ ‘A‘Smo(t)‘H dt < C'| Myl - (5.6)
0
We will consider m;. Putting f = M x AM we have

A DA f ()l < Ot — )| f(s)]w, 0<s<t<T,

hence applying the Young inequality we obtain

T T /¢
[iatmtas [ | [e-9le)ads) d
0 0 \0
T 3T 2
< C /346/3d3 /\f(s)h%lds
0 0
Thereby, since %5 < 1, part (3) of Theorem 3.1 yields
T
E/ |A%my ()| dt < C(R, T, Mo, h). (5.7)
0

Since for every t € [0,T] we have |M(t,x)| = 1- z-a.e. and h € H', the estimate (??) implies
that there exists deterministic ¢ > 0 such that

|G(M)| + |G'(M)hG(M)h| < c.

Therefore, the same arguments as for m; yield

T
E/\A‘;mg(t)\f‘gﬂ dt < C(R, T, My, h). (5.8)
0
and
T
E / | Adms(#)[& dt < C(R, T, Mo, h). (5.9)
0

We will consider the next term ms using the fact that f = |[VM|>M € L'(0,T;H). Invoking
the semigroup property of e 4 and the ultracontractive estimate (5.2) withp=1and ¢ =2
we find that there exists C' > 0 such that obtain for s,¢ such that P-a.s.

|A%e™ =941 ()| < sup |M (1) [Zn, 0<s<tel0,T]

(t—5)7F7 o<1
Therefore,

t T

T 4 t
/ /A‘Se_(t_S)Af(s) ds| dt < Csup|M (r) [ / /ds1 ds | dt
0 H 0 \0o

/ r<T (t— 5)5+1
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hence (since § 4+ § < 1) Theorem 3.1 yields
T
E/’A%Q(t)‘4 dt < C (R, T, Mo, h). (5.10)
) H
In order to estimate m,4 we recall that

IVG(M(s))h| < a+ b|VM(s)], (5.11)
where a,b > 0 are constants depending on h only. Invoking Lemma 7.2 in [9] we find that for
any t € [0,T]

4
E / Ae=E=DAG(M (5))h dTT(s)

H
t 2

/ |A8eet=IAG (M (5))h[Z ds

0

N
Q
3

=

— C(DE / AP h e~ =94 A3 (M () B2 ds

2
1G( M(S))hth
t _ 5)26 1

< C’(T)Esup|M(T) [

r<T
Theorem 3.1 now yields
T
IE/ |A%my(t)|f dt < C(T, R, My, h). (5.12)
0

Finally, combining estimates (5.6) to (5.12) we obtain (5.5) and (5.4) follows.
It remains to prove that

IE/ |AM (t)|% dt < C(T, R, My, h). (5.13)

To this end we note first that using the maximal inequality (5.13) and the first part of the
proof it is easy to see that

IE/ |Am;(t)|5 dt < C(T, R, My, h), i=1,2,3,5. (5.14)

The estimate
T

[ 1Amo(e)i dt < (), (5.15)
0
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is an immediate consequence of the fact that My € H' = D (Al/ 2)
We will consider now the stochastic term my. Using (5.11), a result of Pardoux in [17] and
part 1 of Theorem 3.1 we find that

T T
E [ |A 2dt <E V(M +0b) dt
/' ma(®li / al s +9) (5.16)
0 0
< C(a,T,R, My, h).
Combining (5.14), (5.15) and (5.16) we obtain (5.13) and the proof is complete. O

Remark 5.3. By estimate (5.4) the vector AM(t,z) € R? is well defined t,z-a.e. and
|M(t,z)|> =1 t,z-a.c., hence

M(t,x) - AM(t,z) = —|[VM(t,z)]>, t,z— ae.
Therefore, an elementary identity
la x b+ |a-b)*> = |a)®-|b]*, a,beR3,
yields
|M(t,2) x AM(t,z)]* + |[VM(t,z)|* = |AM(t,2)|?, t,x—a.e.
Proposition 5.4. Paths of M lie in C([0,T]; H'), P-a.s.
Proof. The proposition follows easily from the results in [17]. O

Corollary 5.5. Let hy € W3, i =1,2,3, and let F € Pp. Let W be an Fr-adapted Wiener
process probability space (0, ,Fp,P) Then, for every My € H' and ¢ > 0, there exists a
unique pathwise solution M € C ([0,T];H') N L*(0,T; D(A)) of the equation

¢
M(t) = Mo+a/AMds+a/|VM] Mder/MxAMds
0

;io/t(;’ YhiG( )hds+f/G ) dW (s)

=1

t t
/G(M) ds+/G M)F(s,W)ds,
0 0

where all the integrals,except the Ité integral, are the Bochner integrals in H.

™

In what follows we will denote by 27 the Banach space
Zr = C ([0, T); H") N L*(0,T; D(A)).

6. SMALL NOISE ASYMPTOTICS

In this section we will prove the large deviation principle for the family of laws of the
solutions of equation (3.1) with F' identically zero and the parameter £ € (0, 1] approaching
Z€eTO.
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The setting in this section is given by a probability space (Q2,.%,P) carrying an R3-valued
Wiener process (W (t));cjo,r1- We will denote by (#?) the natural filtration of this Wiener
process. For each € € [0,1] and F' € P, let

Ji:C([0,T;R?) — S

denote the Borel mapping defined in Theorem 4.4 that acts on a Wiener process to give a
weak solution of equation (3.1). By Corollary 5.5 the image of the Wiener process under the
map Jj has paths in Z7 almost surely. In what follows, we consider J; as a Borel map

Ji:C([0,TR?) — 2.
If F(t,W) = v(t) with v € L* (0,T;R?) is deterministic, then by Corollary 5.5 the function

Yo = J is the unique solution of the equation

t

yu(t) = M0+a/Ayvds+a/]Vyv| yvds—i—/yv X Ay, ds (6.1)
0
t ¢
—5/G( ds+/Gvav
0 0

where the mapping G has been defined in (2.11) and h; € W'3 for 4 = 1,2, 3. Hence the map
L* (0, T5R%) 50 — J) € 27

is well defined. We will define now the rate function I : 27 — [0, 0o] by the formula
. T
I(u) := inf 2/|¢(s)|2ds ¢ L?(0,T;R%) and u = J)

where the infimum of the empty set is taken to be infinity.
For R > 0, define

T
Br:={ ¢ € L? (O, T;Rg) : / |p(s)|>ds < R? 3 with the weak topology of L? (0,T;R3) .
0

In order to show that the family of laws {Z(J5(W)) : € € (0, 1]} satisfies the large deviation
principle with the rate function I we will follow the weak convergence method of Budhiraja
and Dupuis [5], see also Duan and Millet [10] and Chueshov and Millet [7]. To this end we
need to show that the following two statements are true.

Statement 1. For each R > 0, the set {JS NS BR} s a compact subset of Z.

Statement 2. Let (¢,) be any sequence from (0,1] convergent to 0 and let (vy) be any
sequence of R-valued (F))-predictable processes defined on [0,T)] such that ||v|r < R for a
certain R > 0. Then if (v,) converges in law on Br to v, then (J;m(W) converges in law on

%T to JS

The remaining part of this section is devoted to the proof of thsese two statements.
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Lemma 6.1. Suppose that (w,) C L? (0,T;R3) is a sequence converging weakly to w. Then
the sequence vy, converges strongly to y,, in Zr. In particular, the mapping

Bro>w— J° € 2r
is Borel.

Proof of Lemma 6.1. To simplify notation, we write y,, for vy, , y for y,, and set u,, = y, —y.

Let
T

R? = sup/ lwn|? (s) ds.

neN
0

Let us recall the notation h = (h;). By Theorem 3.1, Theorem 5.2 and uniqueness of solutions,
there exists a finite constant C (T, o, R, My, h) such that for all n € N:

sup |yn(t)|m < C(T, o, R, My, h), (6.2)
t€[0,T]
T
(180, + 19alts) ds < C(T . R Mo, ) (6.3)
0
and clearly
lyn(t)(z)| =1, x €A, t€][0,T]. (6.4)

The same estimates hold for y.

Step 1. We note first that each subsequence of (y,) has a further subsequence that converges
in C([0,T]; H) strongly. Indeed, since H' is compactly embedded in H, the estimate (6.2)
implies that for each fixed ¢t € [0,T], {yn(t) : n > 1} is relatively compact in H. Hence, it
is enough to show that {y, : n > 1} is a uniformly equicontinuous subset of C'([0,7];H). To
this end we write for 0 <t <t/ < T

t/
Un(t') —yn(t) = /yn X Aynds+a/Aynds+a/\VanZynds

- 5/6Y (yn) f (yn) ds + ]G (yn) Bw,, ds.

Then (6.2), (6.3) and the Cauchy-Schwarz inequality yield immediately

) = a(l < (1+a) (VOT, 0, R, Mo, ) + RIMolsalhlue ) VE = .
This completes the proof of Step 1.

Step 2. Let g € L?(0,T;H). Recall that w, — w weakly in L? (0, T, R3). We will show that

¢
lim | sup / Ya(wp(s) —w(s))ds| | =0. (6.5)

n=00 \ tel0,T]
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By Step 1 we can assume that u, — u in C([0,T]; H). For n € NU{oo} we define operators
Ky o L? (0, T;RS) —C ([O,T];R3) by the formula

= / (q(3),un(s))gv(s)ds, te€[0,T], veL? (O,T;R3) )
0

The operators .#,, are compact because the functions {(q(-),u,(-))m belong to L% (0,T;R).
Moreover, since the sequence (q(-),u,(-))n converges strongly in L?(0,T;R) to a function
(q(+), uoo(+))m we infer that

lin [l — Hooll = 0.

n—oo

Since
| (wn — w)|C([0,T];R3)) < | — Aol - Jwon — w|L2([0,T];R3) + [ Hoo (wn — w)’c([qT];RS) ’
the claim follows immediately by the compactness of K, because w,, — w weakly in L? ([O, TY; ]RS).

Step 3. We will establish uniform estimates on u,,. More precisely, we will show that
sup [ sup |un ()| —{—oz/|Aun|[2HI ds} < 0. (6.6)
neN - te[0,T]

Without loss of generality we may assume that ho = hg = 0 and put h; = h and w. = w, € R.
For each n > 1, we have

t t
up(t) = /un X Aynds—l—/y X Au, ds
0
t
+a [Tl = 195D (Vonl + Vol ds
0

+a/|Vy\2unds+a/Aunds

t (6.7)

8 / G (yn) f () ds — B / (G (yn) — G(v)) () ds

¢ t
—I—/ Up X h) wnds—f—/G(y)h(wn—w) ds
0 0

t

t
— o / (ynxhwnds+/y (up, X h)wy, ds
0 0

Note that each integrand on the right hand side of (6.7) is square integrable in H, because of
(6.2), (6.3) and (6.4). Therefore,

£|un(t)|12m1 =2 <(Zun(t), (I + A)un(t)> , teo,T). (6.8)

H
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Let N be an arbitrary positive integer. The functions s — y(s), s — y(s) x myh and
s+ y(s) x (y(s) x myh) all belong to L?(0,T; D(A)). Therefore, from (6.8) we have:

1d
2dt

[t (8)

+ +

+ o+ +

(Un, X Ay, —Aup)m + (Y(S) X Atp, un)m
a((IVynl = VY (IVYnl + VYD Yn, un — Aup)m
| VY [P, un — Ay ds — o Vug % — o Auy, 4
BAG (yn) [ (un) s un — Aun)y — B{(G (yn) — G(W)) f(y), un — Aun)(f.9)
(Up, X hy Augygw, + (G(y)h, un)m(w, — w)
(A(y x myh), up)m(w, — w) — (y X (h —7nh), Aup)m(w, — w)
altn X (yn X h), Aup)gw, — oy X (un X h),u, — Auy)gwy, ds
al{A(y X (y x Tyh)), up)m(wy, —w)
(y x (y x (h—7wnh)), Auy)m(w, —w) (6.10)

(0%

for all ¢ € [0,T]. In the rest of this proof, C and C} denote positive real constants whose value
may depend only on «, T, R, My and h; the actual value of the constant may be different
in different instances. For each 1 > 0 we estimate the terms on the right hand side of (6.10)
using the Cauchy-Schwarz inequality and (2.2) and the Young inequality to obtain:

¢ t t
lun () Z: + 2a/|Aun|]%1ds<017]2/]Aunh%lds—kme—|—C’/\unh%11¢n(s) ds
0 0 0

T
+ Clh—7nh|m /|Aun(s)|12mds
0

1
2

T
/(wn(s) —w(s))*ds (6.11)
0

1
2

where, for s € [0, T, we put!

1 1
Pn(s) =1+ ? + ? |Ayn(s)|12Hl

n (1 n ;) 190(5) s () igr + 1A (3)]50)
()l () s + 189() )

Hy(s) 2 (19() 2+ 1Au(s) )] + niw% + |wn ()

INote that the functions y, satisfy the uniform estimates (6.3) and so

T
sup/ Pn(s)ds < 0.
n Jo
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and
T

ban = sup / (Gy(s))h(s), wnsz(wn(s) — w(s)) ds

r<T

+ sup / (A(y(s) X Ty h()), ()t (s) — w(s)) ds

r<T

+ Csup /(A(y(S) X (y(s) x mvh(s))), un(s))m(wn(s) — w(s)) ds

r<T

0
T
+ C/\un(s)h%l ds.
0

We choose 1 > 0 such that Cn? = $ in (6.11) and use the boundedness of the sequence wy,
in L? (O, T; R3) together with the Holder inequality to estimate the product of square roots
in the second line of (6.11) to obtain

t t

|un ()3 + a/ |Auy, (s)| ds < C/Q/)n(S)Un(S)h%Hl ds + by N. (6.12)
0 0
By estimates (6.2) and (6.3)
T
= sup/wn(s) ds < o0
n=1 0
and 7 depends on o, T, R, My and h only. Applying the Gronwall lemma we obtain
T
sup ]un(t)\%ﬁl + a/ |Auy |3 ds < mee'YT (6.13)
te[0,7) 9

what completes the proof of estimates (6.13). Therefore, since by Claim(6.5) b,y — 0 as
N — oo we infer that

T
limsup [ sup |un()|Zn + a/ |Aun|%ds | <C|h—nnhl. (6.14)
n—00 t€(0,T] 9
We complete the proof of Lemma 6.1 by taking the limit as N — oc. O

Note, that Statement 1 follows Lemma 6.1.

Now we will occupy ourselves with the proof of that Statement 2. For this purpose let us
chhose and fix the following processes:

Y, =J and y, = JO..
Let N > |Myly: be fixed. For each n > 1 we define an (.%;)-stopping time
o =inf {t > 0:|Y,(t)|m = N} AT. (6.15)
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Lemma 6.2. For 7, as defined in (6.15) we have

lim E | sup Yo (EATR) — yn (EAT0)|5 + / Yy, = yulin ds | = 0.
n—o0 te[0,T]

Proof. Let X,, =Y, — yn We assume without loss of generality that 8 =0, he = hg = 0 and
h1 = h. Then for any n > 1 we have

dX, = aAX,dt
+a(VXy) - (VYo +yn) Yodt + a |Vy, > X, dt
+ X, X AY,dt + yn, x AX,dt (6.16)
+(G(Yy) — G (yn)) hvndt

+ Ve G (Y, ) hdW + G’( ) G (Y,) hdt
Using a version of the It6 formula given in [17] and integration by parts we obtain

1
5ol X3 = —o | X 20 dt + || Viyn| XnlZ dt

+ a(Xp, (VXy) - (V(Yn +yn)) Yo)y dt
—(VX,, Xy, X Vyp )y dt
+ (G (Yn) = G (yn)) by Xn) g vndt

+ %"zndt F e (G (Vo) hy X))y AW

where z, is a process defined by
Zn = <G/ (Yo) G (Yn) h, Xy > +1G (Y, )h‘H

Therefore

X <>1H+2a/\x 2. ds < c/\x e | Xl [yl d
e / Xal2f2 Xl g+ bl s
e / X2 | Xl Ly s s
+0/|th‘§I | ds

t
+C’en—|-\/?/ g dW1.
0
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By (6.2) we have sup,, |yn|;n < oo and therefore, using repeatedly the Young inequality we
find that there exists C' > 0 such that for all ¢ € [0, T

t t
X0+ [ 16 ds <€ [ 1Xall (15 fonl + Blunlt) ds
0 0

t

+ Cen+ /o / (G (Ya) by Xy AWV
0
Denoting the left hand side of the above inequality by L; and using the definition of 7,, we

have
tATh

Line, < C [ 1l (14 loul + 8lualfs ) ds
0

tATh
+ Cen+ o / (G (V) by X IV

0
tATh

< / |Xn’§]1¢n,Nd5+C€n

0
tATh

e | [ (G X)y W],
0
where
Yan(s) =1+ |un(s)| + BN?, s<T.
Since

sup sup (G (Yu(t), Xa(1))> <C, P—as.,
n te[0,T

the Burkoholder-Davis-Gundy inequality yields
t
Esup Lsar, < Cyen + /Esup | X (r A 7'7L)]12H1 Y, Nds, (6.17)

s<t r<s
0

and therefore
t

Esup [ Xo(r A7) < C/em + / Esup | Xp (r A 7)|4 ¢ vds.

r<t r<s
0

Clearly,

n>1

T
sup/meds < 00,
0



hence the Gronwall Lemma implies

T
2 f’lz)n,NdS
Esup | X, (r A mp)lig < C\/€ned — 0 asn — oo.
r<T

Returning now to (6.17), we also have

Tn T
2 fwn,NdS
E [ [Xn(s)lf ds < Cy/ened — 0 asn — 0.

0

This completes the proof of Lemma 6.2.

Lemma 6.3. For the stopping time 7, defined in (6.15) we have

lim E | sup |[V(Y,(tAT) yn(t/\Tn))|]%1+/|A(Ynyn)h%lds =0.
0

n—o0 t€[0,T]

Proof. By a version of the It6 formula, see [17],

SV — () = — (A (o~ ) ,d (Ve — a))ig + 0 [VG (Vi) Bl .

Therefore, putting X,, = Y,, — y, and invoking equality (6.16) we obtain for any n > 0

1
§d |VXn(t)|]%1 = - ‘Ath%I

—a(AX,, VX, - (VY + Vi) Yy)y dt

- AXn n 2Xn

o < s [Vynl >H dt

— (X X Ay, AX )y dt

- <(G (Yn> -G (yn>) h7 AXn>H Fndt
— e (VG (V) by AX,,) g AW

€n
-5 (G (Yn) G (Yn) h, AX,y )y dt
+ €, VG (V) hlz dt.

We will estimate the terms in (6.18). First, noting that
(X0 x AY,, AX )y = (Xn X Ay, AXp)y

we find that

C
[(Xn X AV, AXn)y| < Cn? |AXn’12HI + ) | X g | X -

27

(6.18)

(6.19)



28 ZDZISLAW BRZEZNIAK, BEN GOLDYS, AND T. JEGARAJ

Next, by the Young inequality and the interpolation inequality (2.2)

HAX,, VX, - (VY + V) Yadg| < Cn? |AX,[5
C
+ / VXl (I9Yal” + V9l ) da
A
<O AKX,

C )
+ S VXL [ (9% + 93 f) da
A
< O’ |AXG [

C
+ o Xl (Xl + 18X k) (¥l + 1y )
and thereby

HAX,, VX, - (VY + Vo) Vol < On? |AX, |5

C 2 2 2
+ o Xl (1Yl + bonl )

o (6.20)
+ o5 Pl (Yol + lonlin )
< O |AXlf + Oy [ Xl (1+ Walin )
Finally, using (2.2) we obtain
[ (AXns Vgl o)1 < AX gt [Vynlioe [Vl [ Xl
< Cn? |AX,|E (6.21)

¢ 2
7 ks (ynlin + 1Aynli) [ynlian 1 Xnls [ Xl
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Taking into account (6.19), (6.20) and (6.21) we obtain from (6.18)

t t
VX, ()% + 2a/ |AX, |4 ds < Cn2/|AXn|[2H1 ds
0 0

t

+ Cy sup (1 + |Yn]%11> / | X, |30 ds
r<t
0

t
+ Cn2 / |Ath%1 ds + C,, (sup \Xn(r)\H> (sup \Xn(r)|H1>
9 r<t r<t
t
vor [1ax. ds+c, <sup \Xn<r>|H) <sup |Xn<r>|H1)
< r<
0 t t
t
Lo / AX, [ ds + Cysup | X ()2
r<t

0
t
+en / (VG (V) hy AX )y dW
0
t

+cen/(1+mxn|§ﬂ) ds.
0

(6.22)
Choosing 7 in such a way that 4Cn? = a we obtain
tATh Tn
E| sup |VX, (tAT) |4+ a / |AX,|Hds | <C, (1+ N4) E/ | X |2 ds
t€[0,T] 5 5
+Cy(1+N)E sup | X, (tAT)|y
te[0,7)
tATh
+ Ve E sup (VG (Yn) h, AX )y dW
te[0,7
T

—I—C’enE/ (1+ yAth?ﬂ) ds.
0

By Theorem 5.2 there exists a finite constant C, depending on T', o, R, My and h only, such
that for each n > 1

T
E/|AYn(s)|12HIds < C(T, o, M, ug, h),
0
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hence invoking the Burkholder-Davis-Gundy inequality we find that

tATh T
E| sup |VX,(tAT)|E+ / IAX,|Hds | <Oy (1+N4)IE/|X”][2H11 ds
te[0,7) 9 5
+Cp(1+ N)E sup |Xp (tATh)|g
te[0,T)
+C(1+ N)y/ep.
Finally, Lemma 6.3 follows from Lemma 6.2. g

Lemma 6.4. Let (¢,,) C (0,1] with €, — 0 and let (F,) C Pr be such a sequence that

sup || Fy|lp < R, for every w € Q,

n>1
and F,, converges to F in law on Br. Then the sequence of Zr-valued random elements
(JE (W) — Ji. ) converges in probability to 0.

Proof. We will use the same notation as in the proof of Lemma (6.3). Let § > 0 and v > 0.

Invoking part (2) of Theorem (3.1) we can find N > | M| such that
1 v
—supE sup |Y,(t)|m < =.
N n>1 te[o,T]| n(Dle 2

Then invoking Lemma 6.3 we find that for all n sufficiently large

P sup [Yu(t) —un(t)|Zn + / Y, — Un’%(A) ds >0
t€[0,T]

< P osup [Ya(t ATn) —un(tA TR +/]Y un\D 20,1 =T
t€[0,T]

te[0,7)

—HP’( sup |Y,(t)|m = N)

1 n
< EE sup |V (A7) — un(t A 7o) 30 +/|Yn fun]%(A) ds
t€[0,T]
1
+ —E sup |Y,(t)|m
N te[0,7)
< .

0

Theorem 6.5. The family of laws {-L(J5(W)) : € € (0,1]} on X7 satisfies the large deviation
principle with rate function I.

Proof. We interpret each process J' (W) as the solution of equation (3.1) with e, and F, in
place of € and F. In order to use Theorem 4.4 we note that any (ﬁto)-predictable process
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u: [0,7] x © — R such that
T
/uQ(t,w)dtéRQ, forall weQ
0

can be written as

u(t,w) = F(t,W(w)) V(t,w) € [0,T] x Q, (6.23)

T
for some (54,°)-predictable function F : [0,7] x Cy([0,T]) — R satisfying [ F?(s,z)ds < R?
0

Vz € Cy([0,T]). Statement 1 follows from Lemma 6.1.

Next, we will show that Statement 2 holds true. Let (g,) be a sequence from (0,1] that
converges to 0 and let (F, : [0,7] x © — R) be a sequence of (ﬁto)—predictable processes
that converges in law on Bg, for some R > 0, to F. By Lemma 6.4 J; (W) — J%n converges
in probability (as a sequence of random variables in Z7) to 0. Lemma 6.1 implies that J%n
converges in distribution on Z7 to J%. Indeed, since Bpg is a separable metric space, the
Skorohod Theorem (see, for example, [12, Theorem 4.30]) allows us to work with a sequence
of processes that converges in Bgr almost surely. These two convergence results imply that
(J;:(W)) converges in law on 27 to J%. Thus, for any uniformly continuous and bounded
function f: Z7 — R we have

/ f(T5 (W) dP — / f(x) d2(I9) ()
0 Zr

< / F(T5 (W) = £(J%,)| dP

Q

0 0
+ / f(x) df(JFn)(x)—%/ f(x)dZ(Jp)(x)

— 0asn— oo.

Therefore, Statement 2 is true as well and thus we conclude the proof of Theorem 6.5. O

7. APPLICATION TO A MODEL OF A FERROMAGNETIC NEEDLE

In this section we will use the large deviation principle established in the previous section to
investigate the dynamics of a stochastic Landau-Lifshitz model of magnetization in a needle-
shaped particle. Here the shape anisotropy energy is crucial. When there is no applied field
and no noise in the field, the shape anisotropy energy gives rise to two locally stable stationary
states of opposite magnetization. We add a small noise term to the field and use the large
deviation principle to show that noise induced magnetization reversal occurs and to quantify
the effect of material parameters on sensitivity to noise.

The axis of the needle is represented by the interval A and at each x € A the magnetization
u(x) € S? is assumed to be constant over the cross-section of the needle. We define the total
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magnetic energy of magnetization u € H' of the needle by
1
Ey(u) = 2/\vu<x)y2dx+5/q><u(x))dx - /%(t,:c) u(z) da, (7.1)
A A A

where

1
O(u) = & (ug,uz,u3) = 3 (u% +u§) ,

B is the positive real shape anisotropy parameter and % is the externally applied magnetic
field, such that % (t) € H for each t¢.
With this magnetic energy, the deterministic Landau-Lifshitz equation becomes:

% 1) =y x Ay — ay x (y x Ay) + C) (<8I () + # (1)) (7.2)

ot
where f(y) = V®(y), y € R3. We assume, as before, that the initial state ug € H' and
lug(z)|gs = 1 for all z € A. We also assume that the applied field ¢ (¢) : A — R? is constant
on A at each time ¢. Equation (7.2) has nice features: the dynamics of the solution can be
studied using elementary techniques and, when the externally applied field JZ is zero, the
equation has two stable stationary states, e; = (1,0,0) and —e;.

We now outline the structure of this example. In Proposition 7.2, we show that if the applied
field % is zero and the initial state ug satisfies

1 o
+ <
o £ 1l ok2\/JA| 1 + 22’
then the solution y(t) of (7.2) converges to +e; in H' as t goes to co. In Lemma 7.3, we
show that if 2 = (JA, #,7#3)T € R? has norm exceeding a certain value (depending on
a and () and the applied field is & = 5 + %f(%”) and |ug — %‘Hl < 4, then y(t)

converges in H' to % as t goes to co. Lemma 7.3 is used to show that, given 6 € (0,00)

and T € (0,00), there is a piecewise constant (in time) externally applied field, .#", which
drives the magnetization from the initial state —e; to the H'-ball centred at e; and of radius
6 by time T'; in short, in the deterministic system, this applied field causes magnetization
reversal by time 7'(see Definition 7.4). What we are really interested in is the effect of adding
a small noise term to the field. We will show that if JZ is zero but a noise term multiplied
by /€ is added to the field, then the solution of the resulting stochastic equation exhibits
magnetization reversal by time 7" with positive probability for all sufficiently small positive
€. This result, in Proposition 7.5, is obtained using the lower bound of the large deviation
principle. Finally, in Proposition 7.7, the upper bound of the large deviation principle is
used: we obtain an exponential estimate of the probability that, in time interval [0, 7], the
stochastic magnetization leaves a given H'-ball centred at the initial state —e; and of radius
less than or equal to L & . This estimate emphasizes the importance of a large value

2k2 /|A| 1+2a°

of B for reducing the disturbance in the magnetization caused by noise in the field.

7.1. Stable stationary states of the deterministic equation. In this subsection, we
identify stable stationary states of the deterministic equation (7.2) when the applied field .Z
does not vary with time.
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Let ¢ € S%. Since the time derivative % of the solution y to (7.2), belongs to L?(0, T;H) and
y belongs to L?(0,T; D(A)), we have for all ¢ > 0:

ly(t) = ¢l = fuo — CJi (7.3)
t
+ 2/<y—C,y><Ay—ay><(y><Ay)
0

+G(Y)(=Bf(y) + A )y ds

t

- |uo—<|%ﬂ+2/<—<,yxAy—ayx (y x Ay)
0
+G(Y)(=Bf(y) + A )y ds
yOE = [Vuoli -2 / (Ay, G(y) (B (y) + H) (7.4)
0
—ay X (y x Ay))mds

Lemma 7.1. Let u € H' be such that u(z) € S* and

1 «
ute < _
ke € g
Then for all x € A

1-uf(2) (1—u2(x))? ) A
(1) 2@ TOTR2w aui(z) <0 forallz €A,
(2) (u(z),te1) >3 and
(3) glu(z) £ eif* < u(z) x ef?

Proof. By (2.2)

sup |u(x) + el|2 < k2|u + e |mlu — |,

TEA
1 Q «a
< K22V)A = . 7.5
| ’2k2,/|A|1—|—2a 14 2« (7.5)
Invoking (7.5), we find that
1
W) =1 - () + (@) > 1 Ju(@) — (P> 05 we A (7.6)
142«
Hence one can use (7.6) and straightforward algebraic manipulations to verify that
1— 2 1— 2 2
2“1(53) ( ;Ll(l”)) —ozu%(m) <0.
u(x) uy ()
Statements 2 and 3 of Lemma 7.1 follow easily from (7.5). O
Proposition 7.2. Let the applied field % be zero and let uy € H' satisfy
1 o
+ < . 7.7
|u0 el‘Hl 2]€2\/W1 + 20 ( )

Let the process y be the solution to (7.2). Then y(t) converges to +e; in H' ast — oo.
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Proof. Using some algebraic manipulation and the fact that (Vy(s),y(s)) = 0 a.e. on A for
each s > 0, one may simplify equations (7.4) and (7.4).
We obtain from (7.4):

t

ly(t) el = \uoiel|H—2a//]Vy 2(y(s), +e1) dx ds
t
- 2(1[3// ), £e1)|y(s) x e1|*drds ¥Vt >0, (7.8)
0 A
and
¢
\Vy(t) |3 = |Vu0\H—204/]y X Ay(s |Hds—|—2ﬂ//R Ydxds Yt >0, (7.9)
0
where
R = Vyi(ysVyz — 42Vys) +a(Vin)® — ayi|Vyl® (7.10)
—y2Vy2 — y3V
= 2 y2y1 B8 (43 — 12Vs)
Vo + y3Vys \
Falt— o) (BVEITE ) (T + (T
Define

1 «
=inflt>0: |yt)+ > .
T=1I { ly(t) £ e1lm 272 ﬁ|A|1+2a}

Then, by our choice of uy, 7 > 0. For each s € [0,7), y(s) satisfies the hypotheses of

Lemma 7.1, hence and
3
ye)@) - (ko)) > 5, w e,

7
ly(s)(z) x (xer) |* > glv(s)(z) £ e, weA,
and, invoking the Cauchy-Schwartz inequality

R< 1_y%+ (1= y)" 2) (Vio)? + (Viys)?) < 0 A 711
S\ o 2 —ayy | (Vy2)" + (Vys)?) <0, z €A (7.11)

Consequently, from (7.8) and (7.9) we deduce that the functions |y(-) £ e1 |3 and |Vy(-)|% are
nonincreasing on [0, 7). Furthermore, we have

3
ly(t) + 61|1251 < |ug £ 61|IZHI - 2oz/ |Vy(s)\H ds — ozﬁ/ ly(s) + €1|H ds, t<T, (7.12)
0

and
IVy(t) | < |[Vuolfy, t<T. (7.13)

Suppose, to get a contradiction, that 7 < co. Then, from (7.12) and (7.13), we have

1 «
k2\/1(A) 1+ 2a’

ly(T) £ e1lm < |up £er|m < 5
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which contradicts the definition of 7. Therefore, 7 = co. Since (7.12) holds for all ¢ > 0, we
have

/|Vy(s)|%ﬂds+/]y(s)iel\%ﬂds < .
0 0

Since both integrands are nonincreasing
lim (|Vy(t)lu + [y(t) & e1]m) = 0.
t—o0
0

We will show next, that if the applied field has sufficiently large magnitude, then there
exists a stable stationary state that is roughly in the direction of the applied field.

Lemma 7.3. Assume that # € S? and a real number \ satisfies

N> (464—40&\/264—4046—05)'

3o «

(7.14)

Let the applied field be?
H =N+ ().
Let y be a solution to the problem (7.2) with initial data ug satisfying |ug — | < % Then
y(t) — Al < |ug — Hgr e 27 V>0, (7.15)
where
v = (aA+a—28 —4af) A (ga/\—Qﬁ—%zB) >0

is positive, by condition (7.14).
Proof. We have, from (7.3) and (7.4) with ¢ replaced by ¢

ly(t) — A2 (7.16)

t
- \uo—%r%ﬂ—zﬁ/@—%,yxf(y—jf»Hds
0

t

—2a//|Vy|2(y'<%ﬂ)d:cds
0 A

t
—2a/]y><%”\%ﬂds

0

¢
+2a6/<yx%,yxf(y—jf))Hds vt > 0.
0

2Note that a constant function J# is a stationary solution to the problem (7.2).
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From (7.4) we have:

t
VO = [Vuol2 +28 / (Ay,y x fly — ) ds
0

t
— 2a/ ly x Ayl? ds
0

t

—2a//|Vy]2(y‘%)dxds
A

0
t
- 2aﬁ/<Ay,y x (y x fly— ) uds Vt>0.
0
Define
7= inf{t > 0 [y(t) — g > L}, (7.17)

By our choice of ug, 71 is greater than zero. Observe that

sup |y(t)(z) — H#|gs <1 forall t < 7. (7.18)
€A

It is easy to check that for every t < 7

ly(t) — 15 < |y(t) x 2| < |y(t) — 2|, (7.19)
and

y(t,x) - A > x € A. (7.20)

D=
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Adding equalities (7.16) and (7.17) we obtain for ¢ > 0

ly(t) — A5
t

= \uo—jfh%ll—4a//|Vy|2(y~jf)dxds
0 A

t
+2ﬂ/<Ay7y x fly—2))uds
0

—2a6/<Ay,y X (yx fly—2€)))mds
0

- 2a/ ly x AylZ ds. (7.21)

Therefore for every t < 7
t
V) = A B < o — AT — (20— 25— 4aB) [ IVl ds
0
¢
~ Ga—25-208) [y - AT ds
0
t
- 2a/ ly x AylZ ds, (7.22)
0

where we used (7.18), (7.19) and (7.20). Because of hypothesis (7.14), the two expressions
(2a0 — 28 — 4aB) and (%a — 28 — 2a3) on the right hand side of (7.22) are positive numbers.
Suppose, to get a contradiction, that 71 < co. Then, from (7.22), we have

ly(r1) — | < |ug — g < £,
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which contradicts the definition of 7 in (7.17). Hence 71 = co. It now follows from (7.22)
that

/|Vy(s)|]%1ds < oo, (7.23)
/|y(s) — H)ds < oo (7.24)
and /\y(s) x Ay(s)|fds < oo (7.25)

From (7.21) and these three inequalities, the function ¢ € [0,00) — |y(t) — H|3, is absolutely
continuous and, for almost every ¢ > 0, its derivative is:

Ly o) = —t0 [ ORE0 -7) i

A
+28(Ay(t),y(t) x fly — H))m
— 20B{Ay(t),y(t) x (y(t) x fly — 7))
—2aly(t) x A
—2B8{y(t) — A, y(t) x f(y — )y
+2aB(y(t) x 2, y(t) x f(y — H)m
—2ay(t) x Ay(t)lf
< —(20—28—4aB)|Vy(t)|E
— (3a—28—2aB)|y(t) — #|}
—2ay(t) x Ay(t)lf

< A y(t) — AR, (7.26)
where
= (a+aX—2—4af) A <2a)\—26—2aﬂ> >0
Now the lemma follows by a standard argument. O

7.2. Noise induced instability and magnetization reversal. In Proposition 7.2 we
showed that the states e; and —e; are stable stationary states of the deterministic Landau-
Lifshitz equation (7.2) when the externally applied field % is zero. In this section we show
that a small noise term in the field may drive the magnetization from the initial state —e; to
any given H!-ball centred at e; in any given time interval [0, T]. We also find an exponential
upper bound for the probability that small noise in the field drives the magnetization outside
a given H'-ball centred at the initial state —e; in time interval [0,T]. Firstly we need a
definition.

Definition 7.4. Let § be a given small positive real number. Suppose that the initial magne-
tization is —ey and that at some time T the magnetization lies in the open H'-ball centred at
e1 and of radius §. Then we say that magnetization reversal has occurred by time T
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We consider a stochastic equation for the magnetization, obtained by setting £ to zero and
adding a three dimensional noise term to the field. Denoting the magnetization by Y, the
equation is:

dY = (Y xAY —aY x (Y x AY) + BG(Y)f(Y)) dt
+ VEG(Y)B o dW (1) (7.27)
Y(O) = —e€1.

In (7.27), we assume that the vectors k', h%, h3 € R? are linearly independent. The parameter
€ > 0 corresponds to the ‘dimensionless temperature’ parameter appearing in the stochastic
differential equation (?7?) of Kohn, Reznikoff and Vanden-Eijnden ||

Fix T > 0. There is no deterministic applied field in (7.27) but, as we will see, the lower
bound of the large deviation principle satisfied by the solutions Y¢ (e € (0,1)) of (7.27) implies
that, for all sufficiently small positive €, the probability of magnetization reversal by time T’
is positive.

Firstly, we shall use Lemma 7.3 to construct a piecewise constant (in time) deterministic
applied field, ¢, such that the solution y of (7.2), with initial state (—1,0,0)", undergoes
magnetization reversal by time T.

Take points u’ € S?, i = 0,1,..., N, such that u® = —e; and u" = e; and

S S 1
\uz—u”l]]Hp:\ul—u”l]Rs\/\A\<% fori=0,1,...,N — 1.
Let
1 i ikl : 0
7 := min E7|u —u g ri=1,...,N -1 /\5.

Using Lemma 7.3, we can take the applied field to be
Z Lz oy zy(8) (Ra T+ BF ), ¢ >0, (7.28)

with the positive real number R chosen to ensure that, as t varies from z% to (i + 1)%7 y(t)
starts at a distance of less than 7 from u’ (i.e. |y(i%) — u'lgn < 1) and moves to a distance
of less than 7 from w1 (ie. |y((i +1)%) — u'tm < n). Specifically, we take R € (0,00)
such that

% o~ slRta—20—t0p)n(GaR—25-200)% _

For each i = 0,1,...,N — 1, let ¢'t! = (qﬁ’frl, ol qb“rl) € R? be the vector of scalar
coefficients satisfying the equality

¢2+1 1+¢Z+1 2_|_¢2+1 3 Rui+1+/8f(ui+1),
and define

Z Loz ez () ¢, £ € (0,77, (7.29)

We remark that the function ¢ depends on the chosen values of § and 7', the material param-
eters A, o and 8 and the noise parameters a', a® and a>.
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Recall that Y© denotes the solution of (7.27). By an argument very much like that leading
to Theorem 6.5, the family of laws {Z(Y®) : ¢ € (0,1)} on Z7 satisfies a large deviation
principle. In order to define the rate function, we introduce an equation

t t
yp(t) = —eq —{-/yd, X Aywds—oz/;W X (yyp X Ayy) ds
tO Ot
5 [ G f o) ds+ [ Glu) Bods (7.30)
0 0

By Corollary 5.5 this equation has unique solution y,, € 27 for every ¢ € L? (0, T; ]R3). The
rate function I : Zp — [0, 00, is defined by:

T
1
Ip(v) :=inf 5 / 1(s)|?ds i € L2(0,T;R?) and v =1y, o, (7.31)
0

where the infimum of the empty set is taken to be oo.
Let y be the solution of equation (7.2) with ug = —e; and J# as defined in (7.28). Using the
notation in (7.30), we have y = y4, for ¢ defined in (7.29). Therefore

T
1) < 5 [ 16(6)Pds < oc.
0

Since y undergoes magnetization reversal by time T, paths of Y© which lie close to y also
undergo magnetization reversal by time 7T'. In particular, by the Freidlin-Wentsell formulation
of the lower bound of the large deviation principle (see, for example, [9, Proposition 12.2]),
given & > 0, there exists an g9 > 0 such that for all € € (0,e0) we have

N

T
P supte[o,ﬂimz:)—y<t>|H1+<Of|Yf<s>—y<s>|2D<A>ds> <4

> exp (—ITE:y)—ﬁ)

T
—%g |(s)|? ds—¢

£

> exp (7.32)

Since we have |y(T') — e1|lm < %, the right hand side of (7.32) provides a lower bound for
the probability that Y* undergoes magnetization reversal by time 7. We summarize our
conclusions in the following proposition.

Proposition 7.5. For all sufficiently small € > 0, the probability that the solution Y¢ of
(7.27) undergoes magnetization reversal by time T is bounded below by the expression on the
right hand side of (7.32); in particular, it is positive.

We shall now use the upper bound of the large deviation principle satisfied by {-Z(Y*) :
e € (0,1)} to find an exponential upper bound for the probability that small noise in the
field drives the magnetization outside a given H'-ball centred at the initial state —e; in
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time interval [0,7]. This is done in Proposition 7.7 below; the proof of the proposition uses
Lemma 7.6. In Lemma 7.6 and Proposition 7.7, for ¢ an arbitrary element of L?(0,T;R?),
Y,y denotes the function in 27 which satisfies equality (7.30) and 7, is defined by

1 o
2k2\/|A] 1 + 2« '

Lemma 7.6. For each ¢ € L*(0,T;R3), we have |Vyy(t)|m =0 for all t € [0,74 A T).

Ty 1= inf{t € [O,T] : \y¢(t) +€1’H1 =

Proof. Let ¢ € L%*(0,T;R3). To simplify notation in this proof, we write y instead of yy.
Proceeding as in the derivation of (7.9), we obtain

Vyt)lg = —2a/]y X Ades—i—Qﬂ//Rda:ds

g
—2aZ/Vyy>< (Vy x a' )b ds, te[0,T], (7.33)
0

=1

where R(s) defined in (7.10) satisfies inequality (7.11). For each s € [0, 7, A T), y(s) satisfies
the hypotheses of Lemma 7.1, thus we have R(s)(z) < 0 for all x € A. It follows from (7.33)
that for all t € [0, 7 AT):

Iyl < 20 / \vaDaﬂ il ds. (734
By the Gronwall lemma applied to (7.34), |Vy(t)|% =0 for all t € [0, 7y A T). O
Proposition 7.7. Let
O0<r<p< ! a
P ok [N T+ 200
The for any § > 0, there exists g > 0 such that for all € € (0,&p):
2
P( sup |Y(t) +e1lm = p | <exp (M> , (7.35)
te[0,7] €
where
o

- 8 maxi<ics |a?? |A|(1 + a?)

Proof. We shall use the Freidlin-Wentsell formulation of the upper bound of the large deviation
principle (see, for example, [9, Proposition 12.2]) satisfied by {£(Y*) : ¢ € (0,1)}. Recall
that .7, defined in (7.31), is the rate function of the large deviation principle. Our main task
is to show that

{ve Zr: Ir(v) < m“Q} C {v e C([0,T;HY) : sup |v(t) +e1|gm < r}.
t€[0,T]
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Take ¢ € L?(0,T;R3) such that

T
;/w(s)y?ds < Kt (7.36)
0

For simplicity of notation, in this proof we write y in place of y,,. By Lemma 7.6 we have for
all t € 0,77,

tATy

W(tATy) + el = 20 / / Yyl (y - e1) dads

0 A
tATy,

+2aﬁ//(y-el)|y><e1|2dxds
0 A

(7.37)

ATy, tATy,

3
< —= /|yxe1|ﬁds+2a5/|yxe1|ﬁd5

0 0
tATy,

4 /1 5.
L4 <+a> NSl [ s
ﬁ a =1 0

where we estimated the integrals on the right hand side of the second equality as follows: the
first integral vanished thanks to Lemma 7.6, Lemma 7.1 was used for the integrand of the
second integral and the Cauchy-Schwarz inequality and Young’s inequality were used for the
integrands of the other integrals. Using (7.36) in (7.37), we obtain

ly(t ATy) +erlm <r < vVt € [0,T7. (7.38)

1 o
2k2\/|A| 1 + 2a
From (7.38) and the definition of 75, we conclude that 7, > T'. Hence we have

sup |y(t) + e1lm <
t€[0,T
By the Freidlin-Wentsell formulation of the upper bound of the large deviation principle, since
r < p, given £ € (0,00), there exists €9 > 0 such that for all £ € (0,&p), inequality (7.35)
holds. O

Remark 7.8. Our use of Lemma 7.6 in the proof of Proposition 7.7 means that, in this
proposition, we did not need to allow for the spatial variation of magnetization on A.
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APPENDIX A. UNIQUENESS OF STRONG SOLUTIONS

The aim of this paper is to extend the celebrated result of Pardoux [17] and Krylov-
Rosovski [15] to stochastic parabolic equations driven by Poisson type noise. To put our
results into right framework let us recall the result of Pardoux and Krylov-Rosovski. We use
the formulation of the former author. Suppose

VcCH=H cV
is a Gelfand triple of Hilbert spaces. We will study the following equation

du(t) + A(t)u(t) dt — C(t)u(t)dW(t) = f(t)dt + g(t) dW(t), t =0, Al
w(0) = up. (A1)

We suppose that K is a real separable Hilbert space, A(t), C(t), t € [0,T] are two families
of linear operators satisfying the following assumptions

Ae L®0,T;, 2V, V"), (A.2)

B e L=0,T; R(K, H)), (A.3)

where R(H, H) is the space of all v-radonifying, i.e. Hilbert-Schmidt, operators form K to
H, and the following coercivity assumption. There exists v > 0 and A € R such that for a.a.
t € [0,T],

1
(A)u,u) + Alul® = vljul* + S ICOwlR ), we V. (A.4)

In the above, || - ||, |- | and || - [|g(x,z) denote respectively the norm in V, H and R(K, H).
By (-,-) we denote the duality between V' and V, while the inner products in V and H will
be denoted respectively by (-,)y and respectively (-, ).

Moreover, W(t), t > 0, is a canonical K-cylindrical Wiener process defined on some fixed
complete filtered probability space. Moreover, f(t), t € [0,T] and g(t), t € [0,T] are progres-
sively measurable V' and resp. R(K, H)-valued processes such that

T

E/|f(t)|2v, dt < oo, (A.5)
0
T

E [ 190l dt < o (A6)
0

Suppose finally, that ug belongs to L?(Q,.%y; H). Under the above assumptions Pardoux [?],
see Theorem 1.3,
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Theorem A.1l. There exists a unique progressively measurable process u(t) such that u is a
solution to problem (A.1) and moreover

T
IE/ lu()|)? dt < oo (A7)
0
u € L*(Q;C(0,T; H)) (A.8)
|Mﬂ?+;/M@W@»M@ww=hmﬁ+2/@@»+cwm@»w@www>m9>
0 0

+ /(u(s),f(s) ds+/|C(s)u(s)qtg(s)”?%(K’H) ds, a.s..
0 0

Our aim is this paper is to generalise this result in the following sense.

Suppose that 7 is a accessible stopping time and let 7, be a certain increasing sequence of
stopping times P-a.s. convergent to 7. Assume that f(t), t € [0,7) and ¢(t), t € [0,7) are
progressively measurable V' and resp. R(K, H)-valued processes such that for each n € N,

E/\f(t)]%/, dt < oo, (A.10)
0

E [ 190l dt < o (A11)
0

First we shall generalise [17, Theorem 1.2].

Theorem A.2. In addition to the above assumption let us assume that u(t), t € [0,7) is a
progressively measurable V -valued process such that for each n € N,

E/ ()| dt < oo, (A.12)
0

E sup |u(t)% dt < occ. (A.13)
t€[0,7]

Suppose also that ¥ : H — R is a twice Fréchet differentiable function such that

(i) ¥, ¥" and " are bounded on balls,

(iii) for each operator Q € F1(H), the function H > x — try(Q oy (z)) € R is continuous,

(iv) for each x € V, the restriction of d,ib = () to the space V is continuous and, if Vy1(x)
denotes the unique element in V' such that

(dz0)(y) = (Vvep(z),y)v, y €V,

then the map V' > x +— Vyip(z) € V is (V,s)-(V,w) continuous, where (V,s), resp. (V,w)
denotes the space V' endowed with the strong, resp. weak, topology;
(v) the map V > x — Vy¢ € V is of linear growth, i.e. there exists k > 0 such that
Vv (o)l < kA + [|lz]]), z € V.
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Suppose that that u is a local solution of the problem (A.1), i.e. for eachn € N, for allt > 0,
P-a.s.,

u(t A7) = u(0) + / [C(s)u(s) + g(s)] dW (s) + / [ — Au(s) + f(s)] ds. (A.14)
0 0
Then, for each n € N, for allt > 0, P-a.s.,
Y(u(tAm)) = P(u(0))+2 / (Va(u(s)), [C(s)u(s) + g(s)]dW (s))u (A.15)
tATh ’ tATh
+ / (—A(s)u(s) + f(s), Vy(u(s)))ds + / trg(s)w”(u(s))ds.
0 0

Remark A.3. Vgi(x) denotes the unique element in H such that

(de0)(y) = (Vay(z),y)u, y € H
P H—- ¥YH,¥Y(H,R)) = Z(H,H;R)=L(H, H;R).

Proof. The proof of the above result is a combination of the proof of [?, Theorems 1.2 and
1.3] and the approximation argument from (|

In particular, with function ¢(x) = |z|?, * € H, we have the following result.

Corollary A.4. Suppose that T is a accessible stopping time and let T, be a certain increasing
sequence of stopping times P-a.s. convergent to 7. Assume that f(t), t € [0,7) and g(t),
t € [0,7) are progressively measurable V' and resp. R(K, H)-valued processes such that for
each n € N, they satisfy the conditions (A.10) and (A.11). Suppose that u(t), t € [0,7) is a
progressively measurable V -valued process such that for each n € N, it satisfies the conditions
(A.12) and (A.13). Suppose finally that u is a local solution of the problem (A.1). Then, for
eachn € N, for allt > 0, P-a.s.,

tATh

lu(t AT)> + 2/(A(s)u(s),u(s))ds (A.16)
0

= [u(0)* +2 /(U(S)v(g(S)+C(8)U(S))dW(S)) (A.17)

0
tATh tATn

4 / (f(s),u(s)) ds + / 1C(s)u(s) + () B sy -

0 0

Assume now that we have also a nonnegative progressively measurable process a(t), 0 <
t < 7 and we define another nonnegative process y by

yt) = 0<t <7
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Then dy(t) = —a(t)y(t)dt and by the chain rule we infer that the process y(t)|u(t)[?,
0 <t < 7 satisfies the following

dly®lu@®P] = @) dllu®)] + [u(®) dy(t)
= y®)(u(t), (9(t) + CH)u(t) dW (1)) + y(t) [ - 2(A(t)u(t), u(t))
+ (F(),u®) + 1C@ut) + 9O R,y — al)ul®)?] dt

Let us now assume that the processes f and g are of special form. To be precise, let us
assume that

There exist a, 8 > 0 such that a« + 8 < 1, there exist C7,C > 0 and there exists a
nonnegative progressively measurable process ¢(t), 0 < t < 7, such that

@ ut) < arlu®l? + e, (A18)
100 + 90 e < A+ ool (A19)

Then, we have

dlyOlu®)’] + 2y@)(A@)u(t), u(t)) - y(&)(u(t), (9(t) + C(t)u(t) dW (1))
= yO[(fO), u®)) + ICE)u(t) + 9) [ 11y — a()]u(t)*] dt

)
< (ot A+ [T o) — av)]y0lu)P,

Applying next assumption (A.4) we infer that

dly®u®)?] + vy@®)lu@®)]? + %y(t)llc(t)U(t)II?z(K,H) —y()(u(t), (9(t) + C(t)u(t)) dW(t))

C1+ Oy
< (et By + [=———¢®) + A = a®ly®)[u(®)],
Therefore, with § = v(1 —a — ) and C3 = % we infer that for all n € N,

dly®Ou®P] + sy@)llu)l® —yt)(u(t), (9(t) + C(t)u(t) dW (t))
< [Csp(t) + A — a®)ly(®) () u(t) ],

Hence, for all n € N,

tATh tATh

y(EAT)ult Ama)|* + 5/ s)llu(s)* ds — / y(s)(u(s), (g(s) + C(s)u(s)) AW (s))
0

< y(0)u(0)]* + /[0390(75) + X —a(t)]ly(t)p(s)lu(s)]* ds

0
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tATh

Since the process [ y(s)(u(s), (g(s) + C(s)u(s)) dW (s)) is a martingale, we get, by taking

0
the expectation, that

(1]
2]

E[y(t Ama)lult Ama)l?] + 5E/y(S)IIU(S)IIQdS<E[y(0)\U(0)I2}

0
tATh

+ B [ (Cap0) + A ally((s)uls) ds
0
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