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FOR STOCHASTIC LANDAU-LIFSHITZ-GILBERT EQUATION
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ABSTRACT. We study a stochastic Landau-Lifshitz equation on a bounded interval and with
finite dimensional noise. We first show that there exists a unique pathwise solution to this
equation and that solutions enjoy a global maximal regularity property. Next, we prove a
large deviations principle for small noise asymptotic of solutions using the weak convergence
method. As a byproduct of the proof we obtain compactness of the solution map for a
deterministic Landau-Lifschitz equation, when considered as a transformation of external
fields. We then apply this large deviations principle to show that small noise can cause
magnetisation reversal and also to show the importance of the shape anisotropy parameter
for reducing the disturbance of the solution caused by small noise. The problem is motivated
by applications of ferromagnetic nanowires to the fabrication of magnetic memories.
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1. INTRODUCTION

Stochastic PDEs for manifold-valued processes have been introduced by Funaki [24] and re-
cently studied in [9, 12, 13]. In this paper we consider a particular example of such an equation
known as the stochastic Landau-Lifshitz-Gilbert (LLG) equation with solutions taking values
in the two-dimensional sphere S?, see [4] or [7]. To introduce this equation, we will need the
Sobolev space H'? (A,R3) of functions defined on a bounded interval A of the real line. To

every ¢ € H'? (A, }R3) we associate the energy functional
a
50) =5 [VoPds+ [ (o) d.
A A

where

g

flu)y== (u% —i—u%) . u=(uy,up,uz) € S%.

\V)

Let

H(9) = —VE(¢) = al¢ — f'(¢)
denote the the L?-gradient of the energy functional &. We will consider the following
Stratonovitch type stochastic PDE satisfied by a function M : A — R3:

dM = [M x (M) — aM x (M x #(M))]dt + /eg(M) o dE, t >0,

oM

B, =" t>0, (1.1)
M(0) = My,

where ¢ is a certain L? (A, R?)-valued Wiener process and [Mo(z)| = 1 for all z € A. The
precise definitions of the noise and the function ¢ : R? — & (RS) are provided in Sections 2
and 3, see (2.1). The definition of solutions to (1.1) is implicitly given in Theorem 3.1. Formal
application of the Ité formula easily shows that |M(¢,2z)| = 1 for all times and all x € A so
that (1.1) is indeed an example of a stochastic PDE for an S%-valued process M.

Equation (1.1) with € = 0 is a relatively simple version of the general Landau-Lifschitz-Gilbert
equation that provides a basis for the theory and applications of ferromagnetic materials, and
fabrication of magnetic memories in particular, see for example [4, 5, 25, 31]. Let us recall
that according to the Landau and Lifschitz theory of ferrormagnetizm [31], modified later by
Gilbert [25], the deterministic LLG equation

%‘:mx%(m)—amx(mx%(m)), £>0,
0 |gp
m(0) = my,

describes the evolution of the magnetisation vector m of a ferromagnet occupying the region
A. For the derivation of equations (1.1) and (1.2) from physical principles and for the physical
motivation to add a stochastic term to equation (1.2), see [4, 5, 8, 29, 31]. Here we mention
only that the Landau-Lifschitz theory of ferromagnetizm requires coupling of equations (1.1)
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and (1.2) with the Maxwell equations in the whole space. They need not be introduced in this
paper because in one-dimensional domain the effect of coupling is incorporated in the term
Bg(M)f(M), see [16] for details. Finally, we note that the case of one-dimensional domain
while being relatively simple (contrary to the multidimensional case, smooth solutions exist)
is important for physics of ferromagnetism and applications of ferromagnetic nanowires, see
[16].

To the best of our knowledge (1.1) has not been studied before. The existence of a weak
martingale solution is proved for a similar equation in a three-dimensional domain in our
earlier work [7]. Kohn, Reznikoff and vanden-Eijnden [29] modelled the magnetisation M in
a thin film, assuming that M is constant across the domain for all times and 8 = 0. In this
case (1.1) reduces to an ordinary stochastic differential equation in R3. They used the large
deviations theory to make a detailed computational and theoretical study of the behaviour of
the solution. They also remark that little is known about the behaviour of solutions to the
stochastic Landau-Lifshitz equation when M is not constant on the space domain.

In this work we address the question raised in [29]. We show first the existence and uniqueness
of smooth pathwise solutions to (1.1). Then we prove the Large Deviations Principle (LDP)
for (1.1) and finally, we apply the LDP to the analysis of transitions between equilibria in the
limit of vanishing noise.

We will describe now the content and new results obtained in this paper.

We start with Section 2 containing some definitions and auxiliary fact that will are needed
later.
In Section 3 we prove the existence of a weak martingale solution stated in Theorem 3.1. The
proof combines the ideas of the proof of the existence theorem in [7] with the application of
the Girsanov theorem. We only sketch the steps that repeat almost verbatim the arguments
from [7] and concentrate on new arguments.
In Section 4 we consider the existence of strong solutions to the stochastic LLG Equation
(1.1).
In Theorem 4.2 we state a pathwise uniqueness result for solutions of equation (1.1) with
trajectories belonging to the space Sy = C([0, T];1L?) N L* (O, T; H? (A,R3)).
In Section 5, we prove maximal regularity of solutions to (1.1). Namely, we show that

T T

E//\DM(t,x)]4dmdt+//\AM(t,:r)Fdxdt< 0.
0 A 0 A

The proof of this result follows from the maximal regularity and ultracontractivity proper-
ties of the heat semigroup generated by the Laplace operator with the Neumann boundary
conditions and the estimates for weak solutions of equation (1.1) obtained in Theorem ?7.

The Large Deviations Principle for equation (1.1) is studied in Section 6. We first identify
the rate function and prove in Lemma 6.3 that it has compact level sets in the space

Zr=C([0,T]; H* (A;R?)) N L* (0, T; H*? (A; R?)) .
In particular, we show in Lemma 6.3 certain compactness property of solutions to the deter-
ministic LLG equation. It seems that such a result is new in the deterministic theory and is

of independent interest.
The Large Deviations Principle is proved in Theorem 6.1. To prove this theorem, we use
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the weak convergence method of Budhiraja and Dupuis [14, Theorem 4.4]. Following their
work we show that the two conditions of Budhiraja and Dupuis, see Statements 1 and 2 in
Section 6, are satisfied and then Theorem 6.1 easily follows. We note that our proof is simpler
than the corresponding proofs in [17] and [21] as we do not need to partition the time interval
[0, 7] into small subintervals.

In Section 7 we apply the Large Deviations Principle to a simple stochastic model of magneti-
sation in a needle-shaped domain. we first obtain explicit estimates of the size of domains of
attraction of the North and South Pole which are stationary solutions for the deterministic
LLG equation. Then we show that in the presence of small noise in equation (1.1) there is a
positive probability of transitions transitions between the domains of attraction. Using the
Freidlin-Ventzell estimates we obtain explicit estimates for this probability. These estimate
show also the importance of the parameter [ (interpreted as the measure of shape anisotropy)
for reducing the disturbance of the magnetisation caused by small noise. The results we ob-
tain partially answer a question posed in [29] and provide a foundation for the computational
study of stability of ferromagnetic nanowires under the influence of small noise.

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

For a domain A we will use the notation ILP for the space LP (A; R3), WP for the Sobolev
space WP (A;R3) and so on. For p = 2 we will often write H instead of W*2. We will
always emphasize the norm of the corresponding space writing |f|p2, |f|m and so on.

We will also need the spaces LP(0,T; E) and C([0,T]; E) of Bochner p-integrable, respec-
tively continuous, functions f : [0,7] — E with values in a Banach space E. If E = R then
we write simply LP(0,7T") and C(]0,7]). For a Banach space E we will denote by Z(F) the
space of all linear and bounded maps from E to itself.

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(aq,...,a:), if we wish to emphasize that
the constant depends only on the values of the arguments a1 to a,,.

2. PRELIMINARIES
We us assume that a o > 0. Let us denote by g a map ¢ : R? — & (R3) defined by
g R 3y {R°3hg(y)h:=yxh—ayx(yxh) e R’} € .2 (R%). (2.1)
The function g is of class C°°. In particular, we have
[d'(y)h] z=D[g(y)hlz =z x h—alz x (y x k) +y x (z x h)], h,y,z € R?, (2.2)
and for every r > 0

sup [lg(w)les +15'0)| s, usy)] < 0 (23
Clearly, we can define a map (u,h) — (g o u)h, if u,h belong to some function spaces of
R3-valued functions on A. For instance, if u € L> and h € IL.? then (g o u)h is a well defined
element of L2. We will denote by G a Nemytski type map associated with the function g.
To be precise, we will use the notation G(u), if u € L, for a linear map defined, for every
q € [1,00], by

Gu):LI>h—uxh—aux (uxh)el?. (2.4)
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For fixed functions e; € L2, i = 1,2,3, let B : R3 — LL? be a linear operator defined by
3
B:R*>k— Y ke €L (2.5)
i=1
In the next lemma we use the notation e = (e;) and

lelue = max fei] o -

Lemma 2.1. Assume that q € [1,00]. Then the map G : L= — Z(L9,1L?) is a polynomial
map, hence of polynomal growth and locally Lipschitz, i.e. there exists Cy > 0 such that
|G (u) hlye < Colhlpa [Julye + [uff], heLI. (2.6)

and, for every r > 0 there exists C, > 0 such that for all u; € L=, i = 1,2 satisfying
|uilp o < T, One has

|G(U1)h—G(U2) thq < Cr|h’]Lq \ul —U2|Loc s h EI[P. (27)
Moreover, there exists a > 0 such that
|G (u) hlgn < alhlm [1+ |ulfn],  u,h € H. (2.8)

Proof. The last part of the above Lemma is a consequenc of the fact that H' is an algebra. [
Given two vectors fa, f3 € R3, the function f : R?® — R3 is defined by

f@)=(y-fo) fo+ (y- f3) f5, yeR’. (2.9)
As before, we will denote by F' the Nemytki map associated with the function f, i.e. for
q € [1,00],
FiLfSum fou=(u()-f2) fo+ (u()- fa) fy € L. (2.10)
Note that F' : L9 — IL? is a bounded linear map. In conjuction with Lemma 2.1 we get the
following result.

Lemma 2.2. For every e € R3, the maps
GF: L*>3u~— Gu)F(u) e L™
G'eGe: L™ 3ur [G'(u)e]|G(u)e] € L™

Let us recall that A C R is a bounded interval. We define the Laplacian with the Neumann
boundary conditions by A : D(A) C L2 — LL? by
{ D(A) = {ueH?: Du(x) =0 for x € A},

Ay = —Auforue D(A). (2.11)

Let us recall that the operator A is self-adjoint and nonnegative and D (Al/ 2) when endowed
with the graph norm coincides with H!. Moreover, the operator (A + I)~! is compact.

For any real number 8 > 0, we write X? for the domain of the fractional power operator
D (AP) endowed with the norm |z|yxs = |( + A)’z| and X7 denotes the dual space of X?
so that X# c H = H' ¢ X7 is a Gelfand triple. Note that for 8 € [0, %),

XP = H*».
In what follows we will need the following, well known, interpolation inequality:
lul}e < E?|ulmlulm  Vu € HY, (2.12)
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where the optimal value of the constant k is

b= 2mas (W%)‘

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*

@y (W X Av, ) = —(D(¢ X w), Dv)y» (2.13)
and
ay (2 X (w x Av), d)n = —(D((¢ X z) X w), Dv)pe, (2.14)

respectively. Note that the space H' (A) is an algebra, hence for v, w, z € H!, linear function-
als H! > ¢ — RHS of (2.13) (or (2.14)) are continuous. In particular, since (a x b,a) = 0
for a,b € R, we obtain

@y (W X Av, v} = —(v x Dw, Dv)p» (2.15)
@y (z X (VX Av), @)y = —(D(¢ x 2) x v, Dv)p2, (2.16)

and since a x a = 0 for a € R3, equation (2.13) yields
gty (6 X A, D) = —(D(6 X 6), Dudyz = 0. (2.17)

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.

3. THE EXISTENCE OF SOLUTIONS

We will be concerned with the following stochastic integral equation form of problem (1.1)
t
M(t) = My + / [M(s) x AM(s)) — aM(s) x (M(s) x AM(s))] ds

where G and F are the Nemytski maps associated with functions g and f defined in the
previous section. For instance, since H' is an algebra, the map

3 3
G()B:H'5 M {R¥>k— > G(M)(kie;) =Y _ kG(M)e; e H'} € Z(R? H')
=1 i=1

is a continuous polynomial function (and hence of C*°-class and Lipschitz on balls).
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Note, that the expresssion

3 t
Z/ [G'(M(s))ei] (G(M(s))es) ds

=1 0

f/G ) B dW (s) +

l\D\(T)

can be identified with the Stratonovich integral

\f/G VB 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). Assume that e = (e;)3_, € (H1)3
lellm < r and that function f defined by (2.9) is fived. Assume also that My € HY, | Mo|m <
p. Then there exists a system

0, 7, F,P,W, M) (3.2)

consisting of a probability space (Q, .7, P), of a filtration F = (%), of a canonical R3-valued
F-Wiener process W = (W (t)) and of an F-progressively measurable process M = (M(t))
such that

(1) for each p < 1 the paths of M are continuous H?P-valued functions P-a.s.;
(2) For everyp > 1 and every T > 0,

E sup [M(t)lg < C(T,p, o, p,7); (3-3)
te€[0,T)
(3) For almost every t € [0,00), M(t) x AM(t) € L? and every T > 0 we have
p
/ M (s) x AM(s)Pads | < C(T,p,apyr) (3.4)

(4) |M(t)(x)|gs =1 for all x € A and for all t € [0,00), P-a.s.;
(5) For everyt € [0,00) equation (3.1) holds P-a.s.
(6) for every o € (0, %), P-a.s.,
u(-) € 0™ ([0,T],L%). (3.5)

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 (2.13) and (2.14) respectively.

Proof. The proof of Theorem 3.1 is very similar to the proof of Theorem 2.7 in [7]. Here we
only sketch the main arguments. Full details can be found in [10]. It is sufficient to prove
the theorem for a bounded time interval [0,7]. We start with some auxiliary definitions. For
each n € N, let H,, be the linear span of the first n elements of the orthonormal basis of L2
composed of eigenvectors of A and let

7, : L2 — H, (3.6)
be the corresponding orthogonal projection. Let us define a map G, : H,, — Z(H,,) by
Gn(u) = m,G (mpu) T,  u € Hy,.
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and let G, : H,, —» ¥ (Hn,jf (Hn)) be the Fréchet derivative of GG,,. Since the space H,, is
finite dimensional and contained in L°°,
For each n € N, we define a process M, : [0,7] x Q@ — H, to be a solution of the following
ordinary stochastic differential equation on H,,:
t
M,(t) = 7rnM0—|—/7rn(Mn X AM,)ds (3.7)
0

¢

— a/wn(Mn X (M, x AM,))ds
0

3

| ™

)

b Ve / G (M) BAW (5) +
0 1

/ (G (M) ei] (Gn (M) €5) ds
0

— B Gy (M) F (M,) ds.
/

Since the space H, is finite dimensional and contained in IL°°; by Lemmata 2.1 and 2.2, the
maps the maps G, [G), () ei] (Gn (-)e;) and Gy, (+) F () are bounded polynomial maps on
H,,, hence locally Lipschitz and of polynomal growth. Since the coefficients in (3.7) are of
one-sided linear growth, by standard arguments we can prove, see e.g. [2], that for each
n € N, equation (3.7) has a unique strong (in the probabilistic sense) solution. Applying the
It6 formula and the Gronwall Lemma to the processes | M, (-)|% and [ M, ()%, one can obtain
the following, uniform in n € N, estimates.

Lemma 3.2. Let the assumptions of Theorem 3.1 be satisfyied. Then for each n € N
| My ()2 = |mpuoli2, forall te[0,7] P—a.s.
Moreover, for each p € [1,00) there exists a constant C (T, p, o, p,r) such that, if | Mo||g < p
and |le||m < r, then for every n € N
E sup |Mn(t) |Z]})}11 < C (Ta b, &, p, T) ) (38)
te[0,T)
P

T
E /]Mn(s) x AM,(s)?ads | < C(T,p,a,p,r)
0

and
P

T
E /]Mn(s) X (My(s) x AM,(s))[22ds | < C(T,p,a,p,7).
0

The above a priori estimates from Lemma 3.2 on the sequence (M,,) imply, by applying two
key results of Flandoli and Gatarek [23, Lemma 2.1 and Theorem 2.2], that the correspond-
ing sequence of laws of pairs (W, M,,) is tight on the space C ([O, T], R3) X [C([O, T):;X"1/2)n
L40,T; IL4)] and hence by the Prokhorod Theorem, modulo extracting a subsequnce, these
laws converge weakly to a Borel probability measure P> on C ([0, T],R?) x [C([0, T7; X-12)n
L40,T; ]L4)]. Next we have the following result.
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Proposition 3.3. There exists a probability space (', F',P') and there exists a sequence
(W}, M) of C (0, T],R?) x [C([0, T); X2y n L40, T; L*)]-valued random variables defined
on (U, Z",P") such that the laws of (W, M,) and (W), M))) are equal for each n € N and
(W}, M},) converges pointwise in C ([0, T],R?) x C([O,T];Xfé), P'-a.s., to a limit (W', M')
whose law is equal to PVM .

Proof. The proposition follows from the Skorohod theorem (see [27, Theorem 4.30]). O

It remains to show that the pointwise limit (W', M’) defined on the probability space
(Q, Z7' ) satisfies all the claims of Theorem 3.1. For each n € N, (W/, M,) satisfies an
equation obtained from (3.7) by replacing W and M,, by W/ and M],, respectively. Then the
processes M), satisfy the estimates of Lemma 3.2. These estimates together with the pointwise
convergence of the sequence ((W),, M))nen imply that the (W', M’) satisfies equation (3.1).
The proof of part (5) of Theorem 3.1 is analogous to the proofs of Lemma 5.1 and Lemma
5.2 in [7].

The proof of part (6) is similar to the proof of inequality (2.17) in Theorem 2.7(c) in [7]. The
only difference being the last two terms on the RHS of equation (3.1). However, by part (5),
the integrands in these terms are uniformly bounded and hence by Lemmata (2.1) and 2.2 we
infer that the expectation of the increments corresponding to these terms is Lipschitz with
respect to the time parameters. ]

4. THE PATHWISE UNIQUENESS AND THE EXISTENCE OF A STRONG SOLUTION

The main result in this section is Theorem 4.2, on pathwise uniqueness of solutions of
equation (3.1). Although we could have formulated a theorem of Yamada-Watanabe type on
the uniqueness in law and the existence of a strong solution to equation (3.1) we have decided
to do so at the end of the next section after we had proved some further regularity properties
of the solutions.

We start with a simple

Lemma 4.1. Let u be an element of H' such that
lu(z)| =1 for all x € A. (4.1)
Then, in (H')’, we have
u X (u x Au) = —|Dul*u — Au. (4.2)

Proof. Let us choose and fix u, ¢ € H'. Note that by (4.1), D|u|?> = 0. By equality (2.16) and
the product rule we have

—ay(u X (ux Au), @) = (D(¢xu)xu, Dujrz = ((Dpxu)xu, Du)p2+{(¢xDu)xu, Du)pz.
Invoking a well known identity
ax(bxc)=(a-c)b—(a-bec, a,bceR3,
we obtain

(D¢ x u) x u, Duyp2 = ((D¢-u)u, Du)y2 — {(u - u)Dep, Du)y2
- 1A(D¢(x) -u(z))D|u(z)|? dz — (jul* D¢, Du)2 = —(D¢, Du)p2

2
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and similarly
((¢p x Du) x u, Du)yp2 = {((¢-u)Du, Du)p2 — ((Du - u)¢, Du)ye2
1
= (¢ - w)Du, Dujr2 — o {(Dul*)¢, Du)p- ((¢ - u)Du, Dujpo.
Therefore we obtain

—(Hl)/<u X (U X AU),¢>H1

_<D¢7 DU‘)LQ + ((d) ' U)D'U,, DU>L2
= (H1)1<|D’U,‘2u + Au, ¢>H1
O

The following uniqueness result applies to a more general problem than (3.1). It will be
used, in this generality, in the uniqueness part of the proof of Theorem 6.2.

Theorem 4.2 (Pathwise uniqueness). Assume that (Q, #,F,P), where F = (%t),c0,11, 5 @
filtered probability space and W = (W (t))icpo,1) is an R3-valued F-Wiener process. Assume
that e = (e;)3_; € (Hl)g. Let My, My : [0,T] x Q — 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

t t
Ml(t) = My+ /Mz x AM; ds — a/Mi X (Mz X AMZ) ds
0 0
t 3 t
+ \/g/ G (MZ) BdW(S) + g Z/ [G/ (Mz) ej] G (MZ) €;j ds
0 0

8 0/ G (M) F (M) ds + 0/ G (M) Bh(s) ds (4.3)

for all t € [0,T], P-almost everywhere. Then
M (-, w) = My(-,w), for P—ae wel.
Proof. Let us fix h € &1 and let R > 0 be such that

T
/|h(t)\2dt< R?, P-—as.
0

Note that the above implies that
T

/ \h(t)|dt < RVT, P—as. (4.4)
0
First, we note that by Lemma 4.1 the following equality holds in X~1/2.
M;(s) x (M;(s) x AM;(s)) = —|DM;(s)[2M;(s) — AM;(s).

Let us assume that M; and My are two solutions satisfying all assumptions. Because both M;
satisfy (4) from Theorem 3.1, we infer that |M;| are bounded. Hence, by the local Lipschitz
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property of maps G, G’ and f, as well by the assumptions that each e; € IL°°, there exists a
constant C7 > 0, such that for all ¢ € [0, 77,

Z |G(Ma(t))e; — G(M(t))eilf» < Cilelfo| Ma(t) — Mi(t)[f2,  (4.5)

L2 < Clh(t)]leluee |Ma(t) — Mi(t)[Z.  (4.7)
(Ma(t)) F (M2(t) = G (Mi(t)) F (M(t)), Ma(t) — My (t))r2 < C1Ma(t) — Mi(t)[f2 (4.8)

P e
Q"
—~
5
~—~
~
S~—
SN—

\
—
=
—~
= =
~
~—
[—
>
—~
w
~—
&
—
~
=
—
~
~
S~

Let Z = My — M. Then the process Z belongs to M2(0,T;V) N L?(Q, C([0,T]; H) and by
Lemma, 4.1 is a weak solution of the problem

dZ(t) = aAZdt+ [a(|DM2\2M2 - |DM1|2M1)} dt (4.9)
+ [Mg x AMsy — M, XAM1|:dt
+ Ve(G(Mg) — G (My)) BAW (s)

(M.
[ ! Mg 6] MQ) ej — G, (Ml) ejG (Ml) ej] dt

+
N | ™
Moo

1

(Ma) F (My) = G (M) F (M) ]t

Q'

Q

- B
(

(Ma(t)) — G (Mr(t)))] Bh(s) dt
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We can check that all assumptions of the It6 Lemma from [34] are satisfied and therefore

SAZWR = ~(Az,2)dr

o(|DMy(t)|* My (t) dt — | DM, (t)|2 My (t), Z) dt
a((DM;(t) + DMa(t)) My (t)DZ, Z) dt

(Ma(t) x AZ, Z) — {Z x AM;(t), Z>] dt

+ o+ +

+
| ™
Q= I~

—
5
)
~
SN—
Nt
\
D
—
=
o
~
SN—
S—
SN—
&
>
—
w
S—
N
N
QL
~

(G (Ma(t)) — G (Mi(t)) )ej, Z) dW(s)
1

3
Jj=

8 3
= Z Ii(t) dt + Z Ig (1) dW;(t)
j=1

=1

(G (Ma(t)) ;G (Ma(t)) e — G’ (Mi (1)) ¢;C (M (¢)) e5, Z) dt

(4.10)

We will estimate all the terms in (4.10). In what follows we will often use inequality (2.12)

and k is the constant from that inequality. Let us start with the 15 term:
Li(t) = —(AZ(t),Z(1)) = —[DZ(1)].
As for the 2nd term we have

(IDM3|*My — |DM;|* My, Z)
2

= (DM,*Z, Z) + (DM + DMy)M\DZ, Z) =: Iy + » _ II;.

i=1
Next,

Iy IDMolf2| Z |t
k*[DMa[]2| Z 12| Z ]
k*IDMalf2| Z|12 (|Z]L2 + [DZ]L2)

K(DMof2| 22, + K [DMa 2, | 2], [DZ],

V/AN/ANR/AN/AN

N

k‘4
K2|DMs|2,| Z|2, + WlDleﬁz\Z\iz +1°DZ[2,
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and, for i =1, 2,

11;

N

|DMZ'|]L2‘M]_|]LOO|DZ|]L2|Z|]LOO < |DMZ'|L2‘DZ|L2|Z|LOO
1 1 1
kIDM;|12|DZ| 12| Z|2. (| 2|22 + DZ|722)

N

1 3
KIDM |12 |DZ 2| Zly2 + KIDMly2|Z|2, D22,

N

N

k2 k4 3
ﬁ\DMiﬁAZﬁQ +7%DZ|2, + 4—776]DMi|ﬁQ\Z|i2 + ZT;Q\DZELQ .
Hence,

]{32
I(t) = (DM > My — DM, |>My, Z) < k2 [yDMQyI{Q + 2—772|DM2\ﬁ2
21 k2 & 5
2 4 2 2 2
+ 2“3 DMt + ;1: DML 122 + S IDZ

Let us note now that by (2.17), the 2°d part of the 4" term, i.e. (Z x AM;, Z) is equal
to 0. Next, by definition (2.15), similarly as the estimate of /I; above, we have the following
estimates for the 1st part of the 4™ term using the bound |Z|p~ < 2, we get

(Myx AZ,Z) = —(Z xDM9,DZ) < |Z|L<|DMa|12|DZ|p2
< LIDMIIZE + D2 + DML 2R + D2,
Therefore, we get the following inequality for the 4" term
Ii(t) = | (Ma(t) x AZ, Z) — (Z x AM;(t), Z)
K 2 72 2 2 K 4,2 B 2 2
< ?IDMz'le\Zlm +1°[DZ|L> + 4776|DM1'|L2!Z\L2 + 4 IDZli
Next, we will deal with the 3" term. Since |Mi|p .~ = 1, the Holder inequality yields
(DM;M\DZ,Z) < |DMjlp2|Mi|Le|DZ12|Z|Lee < DMj|p2|DZ|p2|Z L
< LIDMIIZE: + D7 + DML + SDZ s

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

2 2
kQ
I3(t) = (DMy + DMy)MDZ,2) = <DM]-M1DZ,Z><?(§ |DMZ~\]%2)]Z]]%2
j=1 i=1

R 3
+ ?DZ2. + 4—776(2 \DMilﬁz)\Zﬁz + S D2,
=1

By inequalities (4.5), (4.7) and (4.8) we get the following bound for the 5 6% and 7'h
terms

Li(t) < C1|Z(1) 2.
1=5,6,8
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Finally, for the last term we get by (4.7)
I(t) < CUF || Z(1)]F>.

Finally, let us define an R-valued process

t 3
:/ZIQJ(S)dVVj(S)v te [OvT]
0 J=1

Obviously, &g is an L?-valued martingale. Next we add together the terms containing 1?|DZ |i2
to obtain

19
S PIDZIE: < 5yPIDZIE:

Choosing 7 in such a way that 51? = %, for a number C' > 0 we introduce a process

k2
@@:wﬁ):(HmWM%@+5ﬂm%@$
+ 277 IDM;(t L2+4 6Z|DM )‘ILQ]

k2 ]{74
+ E\DMz(t)lﬁz + 1% IDM( iz + 15 oG Z\DM izs t€0,T].
=1
From all our inequalities we infer that there exist a constant C' > 0 such that
t

208 < [ wol)|1Z(s)Eds + &(o), te 0.7 (4.10)
0
By the It6 Lemma applied to the following an R-valued process,

~ [oc(s)ds
Y(t) = |Z(t)]F2e O , t€0,T],

see [37] for a similar idea, we infer that

3 Lt
ﬁg/e 10" G (Ma(s) - G (M (9)) e 2) Wi (s), 1€ [0,T)

[e=]

Since M7, Ms 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, te€[0,T],
and since Y is nonnegative, we deduce that Y (t) = 0, P-a.s., for every t € [0,7T]. 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. Let us note first that the processes M;, ¢ = 1,2 in Theorem 4.2 satisfy weaker
conditions that those guaranteed by the existence result from Theorem 3.1. Hence our unique-
ness result in Theorem 4.2 holds in the following sense.

Suppose that M; is a solution satisfying assumptions of Theorem 4.2 and M a solution in
the sense of Theorem 3.1, both defined on the same filtered probability space, then M; = Mo.

5. FURTHER REGULARITY

In this section, we assume that a system (Q F ,FPW M ) is a weak martingale solution
to problem (3.1) such that M has paths in the space St defined by
Sr = C([0,T); H) N L*(0, T; HY). (5.1)

Some regularity properties of M are listed in Theorem 3.1. The main result of this section is
Theorem 5.3, where we prove stronger regularity of the solution. In Proposition 5.5, we use
this estimate to show that paths of M lie in C([0,7]; H'), P-almost everywhere; this improves
upon the continuity property in Theorem 3.1.

We start with a lemma that expresses M in a mild-form which allows us to exploit the
regularizing properties of the semigroup (e~*4). The proof of this well known fact is omitted,
see for instance

Lemma 5.1. For each t € [0,T], P-a.s.

M(t)=e "My + /e—a@—S)A( (s) x AM(s)) ds+a/ ot=94 (DM (s)[>M(s)) ds
0
t
4 é/e—a@ AG(M(s))BdW (s) (5.2)
0
— B | e UDAG(M(s))F(M(s)) ds
0
3 t
< alt—s)Acy €; s))e; ds.
+ 2HO/ G (M (5)) e, G (3))es d

Before we state the main result of this section let us make the following important remark.
Remark 5.2. Suppose that the vector AM (t,z) € R? is a.e. well defined and that
|M(t,z)]> =1 a.e..

Then we infer that

M(t,z) - AM(t,z) = —|[DM(t,z)]*, a.e.
and therefore, an elementary identity

la x b> +]a-b]* = |a]*- b]?, a,beR3,
yields
|M(t,z) x AM(t,z)]* + DM (t,z)|* = |[AM(t,z)>, t,z— a.e.
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Theorem 5.3. Assume that p € [1,00). Then for every My € H' and e = (ei)S | € (HY)?

=
Then there exists a constant Cp = Cp (o, T, || Mo||u1, |€|ur) such that the unique solution M
of the problem (3.1) satifies

T T p
E /yDM(t)|§4 dt+/\AM(t)y§2 dt| <G, (5.3)
0 0
Definition 5.4. A weak martingale solution
(Q,ﬁ,F,P, W, M) (5.4)

to problem (3.1) is called a martingale strong solution to to problem (3.1) iff it satisfies
condition (5.3) for p=1.

Proof. By the uniqueness it is sufficient to prove the theorem for the solution constructed in
Theorem 3.1. Let us describe the structure of the proof. In Step 1 we will show the first part
of inequality (5.3) for every p € [1,00). In Step 2 we will show the second part of inequality
(5.3) for every p = 1. In step 3 we will use Step 2 and Remark 5.2 to deduce the second part
of inequality (5.3) for every p € [1, 00).

We will use repeatedly the following well known properties of the semigroup (e
The semigroup (e_tA), where A is defined in 2.11, is ultracontractive, see, for example, [3],
that is, there exists C' > 0 such that if 1 < p < ¢ < oo, then

C
‘eitAthq < 7|f’ﬂqp7 f € ]va t>0. (55)

t% (% N %)
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

—tA)_

t
u(t) = /6_(t_5)Af(s)ds, te[0,T7,
0
we have
T T
[1au ar<c [irwka. (5.6)
0 0

Let us fix for the rest of the proof T' > 0, and an auxiliary number § € (%, %) Let us also
fix p > 0 and r > 0 such that |[Myl|[m < p and |le|lg < 7.

e Step 1 Let us additionally choose and fix p € [1,00). By Lemma 5.1 M can be
written as a sum of six terms:

and we will consider each term separately. In what follows, C stands for a generic
constant that depends on p, T', a, p and r only. In order to simplify notation, we put,
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without loss of generality, e =a =3 =1.
We will show first that

T
p
E(/|M(t)|§,v1,4 dt) <C(p,Ta,p,r).
0

To this end we will prove a stronger estimate:
T

E(/ ‘A‘sM(t)‘; dt)p <C(p,T,a,p,r).
0

Then (5.7) will follow from the Sobolev imbedding X% < Wk,
We start with mg. For each ¢ € (0,7, we have

C

4
6 —tA 4
‘A e Mo| | < g5 | Mol

and therefore, since § < %, we infer that
T
5 4 1
/‘A mo(t)|., dt < O Mol
0
We will consider my. Putting f = M x AM we have

A% (s)lia < Ot = 8)°If (s)luz, 0<s<t<T,

hence applying the Young inequality we obtain
T T /[t 4
[1tmitae < ¢ [{ [e-9r6hads| a
0 0 0
T

S/
< C /s‘?ds /lf(s)!%&,ds
0

0
Thereby, since %5 < 1, part (3) of Theorem 3.1 yields

T
p
E(/|A5m1(t)|ﬁ2 dt) < C@p,T,a,p,7).
0

17

(5.8)

(5.10)

Since for every t € [0,7], |[M(t,z)| = 1 almost everywhere, and ¢; € H', i = 1,2, 3,

the estimate (2.3) implies that there exists deterministic ¢ > 0 such that

3 3
D IG(M)eilz + Y |G (M)eG(M)eglp2 < c.
=1 =1

Therefore, the same arguments as for my yield
T

P
B( [ 14Pms (0]t dt)” < Co.T.,p.0).
0

(5.11)
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We will now consider the term msy using the fact that f = [DM|?M € L'(0,T;L?).
Invoking the semigroup property of e *4 and the ultracontractive estimate (5.5) with
p =1 and ¢ = 2 we find that there exists C' > 0 such that P-a.s.

C
’A(se*(tfs)Af(S)hLQ < W SEépT] |M (T) |]?‘Hl7 O<s<te [O,T]
— S rel0,

Therefore,
T| t 4 T /¢ p 4
/ /Aée(ts)Af(s) ds| dt<C sup |M(r) |%1/ /Sl ds | dt
ref0,T] (t—s)0Fa
0 10 L2 0 \0
hence (since § 4+ 3 < 1) Theorem 3.1 yields
’ 4
E/ ‘A‘Smg(t)’w dt < C(T,p,r). (5.12)
0

In order to estimate mg we recall that there exist a, > 0 such that

IG(M)eillg < ar(+ M), i=1,2,3. (5.13)
Invoking Lemma 7.2 in [20] we find that for ¢ = 1,2,3 and any ¢ € [0, 7]
¢ 4
E / Ale=(=9)0AG(M (s))e; AW (s)
0 L2

< C(T)E / A% AG (M (s))es 22 ds

— C(TE /W e~ IA AT G(M (5))erf2s ds

2

G(M(s))e;
< C(NE /' 2; ‘IHI ds

< C(T)E sup [1+|M (r)[3].
rel0,7]

Thus, Theorem 3.1 now yields
T

E / | APma(8)|2s dt < C(T, p,7). (5.14)
0
Because by inequality (2.8),
[G(M)F (M) < aC(L+ | M5 M 3

the case of my can be treated very easily.
Finally, combining estimates (5.9) to (5.14) we obtain (5.8) and (5.7) follows.
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e Step 2 We will prove that

IE/\AM(t)yI?L2 dt < C(T, p,r). (5.15)

To this end we note first that using the maximal inequality (5.15) and the first part
of the proof it is easy to see that

E/ |Am(t)|22 dt < C(T,p,7), i=1,2,4. (5.16)
The estimate
T
[ 1Amofe)its e < c 1), (5.17)
0

is an immediate consequence of the fact that My € H! = D (Al/ 2) .
We will consider now the stochastic term mg. Using (5.13), a result of Pardoux in
[34] and part 1 of Theorem 3.1 we find that

T

T
E/|Am3 2,dt < OE/ )2 + 1) dt < C(T, p, 7). (5.18)
0 0

Combining (5.16), (5.17) and (5.18) we obtain (5.15).
e Step 3 Take p > 1. By Step 2 and Remark we infer that

T p p

E /|AM()\L2 it| =E //|AM t.2)|? du dt (5.19)

p

//Mta; XAM(tx]Qdardt—i—//]DMta;|4dxdt

Hence the second part of inequality (5.3) in Theorem 5.3 folllows from the first part
(proved above in Step 2) and inequality (3.4) from the Theorem 3.1 about the existence
of weak solutions.

The proof is complete.

Proposition 5.5. P almost surely, the paths of M lie in the space C ([0, T]; H').
Proof. The proposition follows easily from the results in [34]. O

Corollary 5.6. Let e; € H', i = 1,2,3. Let W be an F Wiener process defined on the
probability space (Q,.7,F,P). Then, for every My € H' and ¢ > 0, there exists a unique
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pathwise solution M¢ € C ([0,T);H') N L?(0,T; D(A)) of the problem (3.1), i.e

M(t) = M0+a/AM ds—i—a/]DM )2M (s ds—l—/M x AM(s)ds

+

w\m

3 t
> | G (M(s))eiG(M(s))eids + /e $))BdW (s) (5.20)
O/ /

=1

8 / G(M(s))F(M(s)) ds,
0

where all the integrals are the Bochner or the Ité integrals in L2.

In what follows we will denote by 27 the Banach space
Zr = C ([0,T];H") N L*(0,T; D(A)). (5.21)

By an infinite-dimensional version of the Yamada and Watanabe Theorem, see [33, The-
orems 12.1 (part 3) and 13.2], the pathwise uniqueness and the existence of weak solutions
implies uniqueness in law and the existence of a strong solution. In Theorem 5.7 below, we
state such a result for equation (3.1).

Using the additional regularity results proven in this section, we have the following result.

Theorem 5.7. 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) of (97 F,F,P,W, M) and <Q’, F' ¥ PW, M’) are two martingale strong solutions
to problem (3.1) such that both M and M’ are Zrp-valued random variables, then M
and M’ have the same laws on Z7T;
(2) for every e > 0 there exists a Borel measurable function
JE: C ([0, T R?) := {w € C([0,T];R?) : w(0) = 0} — 27 (5.22)
such that for any filtered probability space (2, F,F,P), where the filtration F = (F)
is such that Fy contains all P-null sets from F, and for any R>®-valued F-Wiener
process W = (W(t))ejo,), the system (Q, F.F,P,W, ME), where M® = J* oW, i.e.

M®: Q3w J(W(w)) € 27,

is a strong martingale solution! to problem (3.1).

6. THE LARGE DEVIATIONS PRINCIPLE

In this section we will prove the large deviation principle for the family of laws of the
solutions M°¢ of equation (3.1) with the parameter ¢ € (0, 1] approaching zero and fixed
My € H'.

In what follows we will denote by M€ the unique strong martingale solution to the problem
(3.1).

The main result in this section is as follows.

n particular, M is F-progressively measurable.
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Theorem 6.1. The family of laws {Z (M) : € € (0,1]} on 27 satisfies the large deviation
principle with rate function I defined below in equation (6.11).

Before we embark on the proof of the above result we will present the necessary background.
In particular we will formulate crucial Lemmata 6.3 and 6.4. Then we will present the proof
of Theorem 6.1. This will be followed by the proof of Lemma 6.3. The proof of Lemma 6.4
will be given at the very end of this section.

In order to prove the above result we will present some results due to Buhhiraja and Dupuis
[14]. Following that paper we will formulate some two general claims. These claims will be
consequence of Lemmata 6.3 and 6.4 which we first only formulate. This preliminary material
will be followed by the proof of Theorem 6.1. This will then be followed by the proof of Lemma
6.3. The proof of Lemma 6.4 will be given at the very end of this section.

6.1. Large Deviations Principle according to Buhhiraja and Dupuis. In order to
prove the Large Deviations Principle formulated in Theorem 6.1 holds we need to consider
an equation slightly more general than equation (3.1).

Let (Q,.%#,F,P), be the classical Wiener space, i.e.

Q= OC ([O7T]7R3) )

P is the Wiener measure on 2,
W = (W(t) = Wt) 1€[0.7] is the canonical R3-valued Wiener process on (£, P),
F

= (ﬁt)te[o,T] is the P-completion of the natural filtration F* = (%)) te[0.7] generated by W.

Note that filtration F = (.%;) is such that .%( contains all P-null sets from .#.
By Theorem 5.7 for every £ > 0 there exists a Borel map

Je: ,C([0,T];R?) — 27 (6.1)
the system (Q, F,F,P,W, M5>, where
M®: Q3w J(W(Ww)) € 27,

is a martingale strong solution? to problem (3.1).
By E we will denote the integration with respect to the measure P.

Suppose that X is a separable Banach space. We say that an X-valued F-predictable process
h:[0,T] x ,C ([0,T];R?) — X belongs to 27 (X) iff

T
|h]|% = ess sup/ \h(t,w)|% dt < oco. (6.2)
we
0

’In particular, M is F-progressively measurable.
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Given h € Z7(R3) we can consider an equation
t

M(t):M0+/[M><AM—aM><(MxAM)]ds
0

=1

+E / GONBAW() +5 > / (@(M)e,] (G(0M)e)ds  (6.3)
0 0

t

—ﬂ/G(M)f(M) ds+0/G(M)Bh(s) ds, te[0,T).

0

Theorem 6.2. Assume that h € P7(R3) and ¢ € (0,1]. Then there exists a process M =
MM such that the system

(Q, F . F,P,W, JTI)

is a strong martingale solution of problem (6.3) such that for every p > 1,

E sup |M(t)[5, < oo, (6.4)
te[0,T]
T T ) p
E /\DM(t)\ﬁl} dt+/‘AM(t) L dt | < oo. (6.5)
0

0

New proof. Part II. The existence. Let us fix ¢ > 0. For any h € Z7(R?) let us put

T T
1 1
= exp | == [ns) W) + 5 / Ih(s)[2ds | - (6.6)
0 0
and
) t
Wa(t) = W(t) + - / h(s)ds, te[0,T] (6.7)
0
Since h € Z7(R?) we infer that
- \2
E(ph) < o0
and therefore there exists a probability measure I@’h on 7 such that
L
d]P) - ph'

Invoking the Girsanov Theorem we find that the process Wh is a Wiener process on probability
space (€,P,). Note that now Q = (C ([0, T]; R?). Therefore, by part (ii) of Theorem 5.7, if

the process M is defined by
M:Q5we Ja(Wh(w)) e Zr
then the system
(2 7 F, Py, W, M)
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is a strong martingale solution of problem (3.1). In particular, by Theorems 3.1 and 5.3,

E sup [M(H)[F <o, p>1,
te[0,7
T 2p
—~ —~ 2
/DJ\/./(t)yfﬁultJr/‘AM(lt)‘IL2 dt| <oo, p>1.
0

On the other hand, since h € Z7(R?) we infer that

=2
E(pn) " < o0 (6.8)
and therefore P is absolutely continuous w.r.t. Pj and

P

ap, ~ Pr

Therefore, by applying the Holder inequality we infer that for any p > 1.
E sup |M(t) P < 00,

te€[0,7
T T p
—~ 4 —~ 2
E /\DM(t)\M dt+/‘AM(t)’L2 dt| <.
0 0

Therefore, by a standard argument, we infer that the system
(Q, F F,P,W, JTI)

is a strong martingale solution of problem (6.3), see e.g. Appendix A in [19]. This completes
the existence proof.
Part II. Uniqueness follows from Theorem 4.2.

O

Let us note that that we have used the Girsanov Theorem only to prove the existence of a
solution to problem (6.3). Having this done, we return to our fixed probability space with a
fixed Wiener process.

Let now define a Borel map
JY:C ([0, T);R?) — 27
If x € (C([0,T);R3) \ 0H1’2([0,T};}R3), then we put J%x) = 0. If 2’ = h for some h €

L? (O, T; R3), then by Corollary 5.6 there exist a unique function y, € 27 that is the unique
solution of the equation

un(t) =My + / [y (5) X Ayn(s) — ayn(s) x (un(s) x Aya(s))] ds (6.9)

0
t

—B/G( ds+/tGyhBh
0

0
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where the mapping G has been defined in (2.10). We put
J(z) =y, x= / h(s)ds,h € L? (O,T;RS) .
0

Let us note that in view of Lemma , problem can be written in the following equivalent form
¢ t

t
yn(t) = Mo + a/AyhdS+a/|Dyh|2yhdS+/yh x Ay ds (6.10)
0

0 0
t

_ 5 / G () f (yn) ds + 0/ G (yn) Bh(s) ds,

0

We can easily prove that the map JO : OHLZ([O,T];RZS) — Z7 is continuous. Since
OHl’z([O, T]; R3) is a Borel subset of ,C'([0, T]; R?), we infer that the map J? : ,C ([0, T]; R?) —
Zr is Borel measurable. We define now the rate function I : Z7 — [0, 00| by the formula

T
I(u) :=inf ;/\h(s)Pds : he L?(0,T;R?) and u= JO(/O h(s)ds) ¢, (6.11)
0

where inf @ = oo.

In order to prove Theorem 6.1, i.e. that the family of laws {Z(J5(W)) : € € (0,1]}
satisfies the large deviation principle on 27 with the rate function I we will follow the weak
convergence method of Budhiraja and Dupuis [14], see also Duan and Millet [21] and Chueshov
and Millet [17]. To this end we need to show that the following two statements are true.

Statement 1. For each R > 0, the set {yy : h € Br} is a compact subset of Z.

In the above, for R > 0 we denote by Bpr the closed call of radius R in the Hilbert space
L? ((), T; R3) endowed with the weak topology.

Statement 2. Assume that R > 0, that () is an (0, 1]-valued sequence convergent to 0,
that (hy,) is a sequence of R3-valued F-predictable R3-valued processes, indexed by [0,T], such
that ||hll7 < R on Q and the laws £ (hy) converge weakly on Br to the law £ (h). Then the

processes
1

Ven

oC([0,T],R3) 3 w — Jo (w + / he, (s)ds) € Zr
0

converge in law on X7 to JO([; h(s)ds).

The remaining part of this section is devoted to the proof of these two statements.

Lemma 6.3. Suppose that (h,) C L? (O,T; ]R3) is a sequence converging weakly to h. Then
the sequence yp, converges strongly to yn in Zr. In particular, for every R > 0, the mapping

Br3hw JO(/ h(s)ds) € X
0
is Borel. 3
In particular, if R > 0 and h and h are two Bgr-valued random variables, possibly defined on
different probability spaces, with the same laws, then the laws of Zp-valued random variables

Q3w JO([yh(s,w)ds) € Z7 and Q50— JO(Js h(s,@)ds) € 27 are also equal.
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Lemma 6.4. Assume that R > 0 and that an (0, 1]-valued sequence (ey,) converges to 0 and
(hy) is an Pp(R3)-valued sequence such that

T
sup/ |hn(t)2dt < R, for every w € Q, (6.12)
neNJO0

and £ (hy) converges to £ (h) weakly on Br. Then the sequence of Zr-valued random
variables

oC ([0, T7], Rg)BwHJE”w—i—/ JO(/h(s)ds)E%T
0

converges in probability to 0.

It seems that it will be useful to introduce some temporary notation. The process (of
functlon JO( fo s)ds) will be denoted by ®°(h) and the process (C([0,T],R?) > w ~
JE(w + \f Jo h( ds) will be denoted by ®°(h).

6.2. Proof of the main result from this section.

Proof of Theorem 6.1. Obviously Statement 1 follows from Lemma 6.3.

The proof we propose here seem to based on a new idea of using deterministic result from
Statement 1 and the Skorokhod embedding theorem on a separable metric space Bpg.
Now we will occupy ourselves with a proof of Statement 2. For this aim let us choose and
fix that R > 0. Consider also an (0, 1]-valued sequence (g,,) that is convergent to 0 and a
sequence (hy,) of (F)-predictable processes satisfying condition (6.12) that converges to h in
law on Bg. Then, the following claims hold true.

(a) the Z7p-valued random variables ®¢"(h,,) — ®°(h,,) of converges in probability to 0,
(b) ®°(h,) converges in law on 27 to ®°(h).

Claim (a) follows from by Lemma 6.4.

To prove Claim (b) let us first recall that By, is a separable metric space. By the assumptions,
the laws on Bp of the sequence of laws (£ (h,,)) converges weakly to the law .Z(h). Hence,
by the Skorodhod Theorem, see for example, [27, Theorem 4.30], there exists a probability
space (Q, F ,]f”), and, on that probability space, there exist Bg-valued random variables h,,
and iL, with the same laws as h, and h, such that hn — h in Bpg, pointwise on ). By the
main part of Lemma 6.3 this implies that

®°(h,,) — ®°(h) in 27 pointwise on Q.

Moreover, by the second part of Lemma 6.3, the laws of ®°(h,,) and ®°(h) are equal, respec-
tively, to the laws of ®°(h,,) and ®°(h).
Note that we can choose a subsequence, without introducing a new notation such that

(a’) the sequence ®" (h,,) — ®9(hy) of Z7-valued random variables converges to 0, P- almost
surely.

These two convergence results imply that (®"(h,)) converges in law on 27 to ®°(h).
Indeed, for any globally Lipschitz continuous and bounded function f : Z7 — R, see Dudley
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[22, Theorem 11.3.3] we have

/f )dZL (" (h /f )dL(®°(h /f )d.ZL (@ (h /f )d.ZL(®°(h))

/ (%0 () ) B - / F@O(R)) dP

a Q

/ 1@ () — F(@° ()| dF + / F(@0 () dP — / F(@0(h) dP
Q Q Q

Now, we observe that because ®°(h,) — ®°(h) a.s. and f is a bounded and continuous

function, we infer that the 2nd term on the RHS converges to 0. The first term converges to

0 because it is bounded by | f|Lip [ |®" (hy) — ®°(hy,)| dP and the sequence ®° (h,,) — ®°(hy,)
Q

is P-a.s. convergent.
Therefore, Statement 2 is true as well and thus we conclude the proof of Theorem 6.1. [

6.3. Proof of the auxiliary results.

Proof of Lemma 6.3. Let us assume that h,, — h weakly in L2(0, T; R3). To simplify notation,
we write y,, for yp,,, y for y, and set u,, = y, —y. We have to show that u, — 0 in Z7.
Let us put

—sup/|h 2 ( (6.13)

neN

By Theorems® 3.1 and 5.3 and the uniqueness of solutions, there exists a finite constant
C=C(T,a,R,p), such that if |My|g < p, then

sup |yn(t)|m < C, neN, (6.14)
t€[0,T]
T
/ |Ayn(s)F2 + ]Dyn]M) s<C, neN (6.15)
0
and
/ ‘y;(s)}]iz ds <C, neN. (6.16)
0
Let us also recall that
lyn(t) ()| =1, z€A, t€[0,T], neN. (6.17)
The same properties hold for y. Hence, in particular,
lu, (t)(2)| <2, €A, te[0,T], neN. (6.18)

3In fact, the corresponding result for equations (6.9), or (6.10), could be proven directly without invoking
the Girsanov Theorem.
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Step 1. The above estimates, together with standard compactness results, see e.g. [39], imply
that the sequence ¥, has a subsequence, for which we do not introduce a separate notation,
which converges weakly in L?(0, T; H?), strongly in L?(0,Y; H')NC([0, T]; L?), for any q < oo
and in Cy([0,T];H') to some § € L%(0,T;H?) N C([0,T]; H') such that i’ € L2(0,T;L?).
Standard argument, see e.g. section 7 of [11] imply that ¢ is a unique solution of the problem
(6.10). A deterministic version of our uniqueness result Theorem 4.2 implies then that, recall
that y = yp, ¥ = y. Using the subsequence argument, we deduce that the whole sequence y,
converges to y weakly in L2(0,T;H?), strongly in L?(0,Y;H!) N C([0, T]; L?), for any ¢ < oo
and in Cy ([0, T]; HY).

Step 2. Let q € L?(0,T;1L?). We claim that

t

nh_{rgo sup /(q(s),un(s)h‘z(hn(s) —h(s))ds| | =0. (6.19)
t€[0,T] 5

By Step 1 we can assume that there exists an element uo, € C([0, T];L?) such that u, — ue
in C([0,T};L?). For n € NU {co} we define an operator %, : L? (0,T;R?) — e} ([0, T); R?)
by the following formula

Hpu(t) = / (q(s),un(s))2v(s)ds, t€[0,T], veL*(0,T;R?).
0

Each operator %, is compact because the function (g(-),u,(-))p2 belongs to L?(0,T;R).
Moreover, since the sequence (q(-),u,(-)) 2 converges strongly in L? (0,T;R) to a function
(q(+), uso ()2 we infer that

lim H% - ji/oo” =0.

n—oo

Since
[ (= )| co,rymsy) S 1 = Hooll - 1hn = hl 2o sy + [ Foo (= R)| c0.myms) -

the claim (6.19) follows immediately by the compactness of K, because h, — h weakly in
L% ([0,T); R?).

Step 3. We will show that

n—oo tE[O,T]

T
lim [ sup |un ()20 +a/|Aun|i2 ds} =0. (6.20)
0

Without loss of generality we may assume that e; = e3 = 0 and we put e = e; € H'. In
particular, we can assume that all functions h and h,, are R-valued, i.e. h,h, € L?(0,T;R).
Note that in this case, the last term in (6.10) reads

/G(yh)Bh(s) ds = /h(s)G(yh(s))eds. (6.21)
0 0

Let us recall, see (3.6), that for N € N, m : L? — H,, is the orthogonal projection onto
the finite dimensional subspace of L2 spanned by the first N eigenvectors of the Neumann
Laplacian.
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For the aim of proving (6.20) we will show that there exist C' > 0 such that for every
N e N,

limsup [ sup [Du,(t)F: + a/ |Au,22ds | < Cle—mnelfs . (6.22)
n—00 t€[0,T]

By (6.10), for each n € N, we have
¢
a/Aun ds + a/{|Dyn|2yn - \Dylzy} ds (6.23)
0
¢
+ /{yn X Ayn —y X Ay}ds—ﬁ/{G(yn)F(yn)—G(y)F(y)}ds
0

+ / [G () Bha(s) ~ G (y) Bh(s) } ds,

0

Therefore, by some simple algebraic manipulations, formula (6.21) and the linearity® of the
function f, we infer that

up(t) = a/Aun ds (6.24)
t
b oa / Dyn| — DY) (IDyn| + [Dyl)yn ds + a / Dy[?u, ds
0

t
+ /unxAynds—i—/yxAunds
0 0

_ 5 / G (yn(8)) F (un(s)) ds — 3 / (G (ynls)) — Glu(s))) F(y(s)) ds
0 0

t

+ 0/ () [G (4m(s)) € — G (y(5)) €] ds + 0/ [ha(s) — h(s)] G(y(s))e ds.

In order to prove (6.20) we could follow a standard method of getting a’priori bounds by
invoking the Gronwall Lemma. This would work easily but the last term on the RHS of (6.24).
In order to be able to deal with that term we could use Step 2. However this would work
had the function e were more regular, at least from H?. For this purpose, we will introduce
an approximation of e by a sequence of more regular functions, see below, and then prove,
instead of (6.20), (6.22).

Since uy, is a strong solution of the above equation, by Lions-Magenes [32], we infer that

4n fact, Lipschitz property of f would be sufficient.
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1d

29

5 Dun®)* = —alAua(t)] — a((IDya(t)| — [Dy(t)])(IDyn(t)] + [Dy(t) Yy (t), Aun(t))

2dt
— a{|Dy(t)Pun(t), Aun(t)) — (un(t) x Ayn(t), Aun(t))

(6.25)

+ B(G (Yn(D) F (un(t)) , Aun) + BUG (yn(t) — G(y(1))) f(y(1)), Aun)
= () [G (yn(®)) e = G (y(t)) €], Aun) — ([hn(t) — h(8)] G(y(t))e, Aun)

Let us now fix an auxiliary natural number N. Subtracting and adding mye in the last

term of the above equality and using integration by parts we get

5 Dun(®fF = —alAun(t)]* — a{(|Dya(t)| — Dy(&))(IDyn(t)] + Dy(t))yn(t), Aun(t))

— a(IDy(&)Pun(t), Aun(t)) — (un(t) x Ayn(t), Aun(t))

— (ha(®[G (yn(t) e = G (y(t)) €], Auy)
— {[ha(t) = h(®I(G(y(t))e — G(y(t))mne), Aup)
= {[hn(t) = O] A(G(y(t))mNe), tn)

(6.26)

+ BG (yn(D)) F (un(t)) , Aun(t)) + BUG (yn(t)) — Gy (1)) f(y(1)), Aun(t))
h

Let us show how we estimate each of the terms on the RHS above. All norm below, unless
otherwise stated, are those in 2. We fix £ > 0. We begin with the 1st term. By the Young
inequality and inequality (6.17) we have, where C' is the constant from the GNI below,

€ 1
~((|Dya| = [Dy)[Dylyn, Aun) < Sl Aunl* + o [Dun|f:[Dy[s
Note that by the Gagliardo-Nirenberg inequality (and again and inequality (6.17))

1/2
DunZs < Cllunl® + [Aun[?] " unlioe < Cllun| + | Atin]] |tin e

Hence

2
€ 1
DunalDyls < SAuf +(C+ 5op)IPyldalun
Therefore,
3e C 1

—o{(IDyn] — [DYDDyly, M) < A (54 Dyl

Similarly, we also get
3e 1
(1Dl ~ DY)yl Aun) < 5 A 4 ) Dol

In an almost identical way, where instead of inequality (6.17) we use (6.18), we get

2 € 2 20 4 2
—a(|Dy|*un, Auy) < E\Aun\ +?|Dy\m4\un\-

Next, with C' > 0 such that |uff« < |ulZ; we have

€ 1
_<Un X AymAun> < §|Aun|2 + %‘un’]%w|Ayn|2

€ C
< §]Aun]2 + %‘Aynyzwnﬁﬂl

(6.27)

(6.28)

(6.29)

(6.30)
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The next two terms are easy. By inequalities (6.17) and (6.18), and the Lipschitz continuity
of functions f and ¢ on balls we infer that

B(G (O) F (un(1) Ay < lAu 2+ T (6.31)

and

2
BUG n(0) ~ GO Su0), M) < SAwmP + o (632

Next, by inequality (6.17) and the Lipschitz continuity of function g on balls we infer that

(ha(1)[G (yn(t) e = G (y(t)) €], Aun(t)) < g!AunIQ + %\hn(t)Plun(t)lz (6.33)

(I ®) ~ WG 0)e — Gyl mne), Auin) < 5+ hat) ~ h(e) e ~myel? (6:34)

We leave the last term unchanged. From all the inequalities above we deduce that

1d
= — |Du, (8)|?
S DO+

<

_l’_

+

o] Auy (1)

3¢ C 1
Z|Aun(t)|2 + (i + @NDZ/@)EH%@)@{I

3e 5  C 1 4 2
Z\Aun(tﬂ + (g + @)\Dyn(tﬂw‘“n(mﬂﬂl
€ 202

§|Aun(75)|2 + ley(t)lfidun(f)F

€ C

§|Aun(t)]2 + %‘Aynmun(t”%ﬂl

£ 2, OB

= A (B + <~ fun()

€ 2 OB a2

€ 2, C 2 2

5| Aun(t)]” + 2€\hn(t)! |un(t)]

€ C

= Baun (O + -lln(t) — h(t) e — mel?
([hn(t) = ()] A(G(y(t))mne), un(t))

Let us now choose € = § > 0, i.e. such that

« 3 1 9
—=(2x°2 e = ze.
5 (2 x 1 +6 x 2)5 G
Then we get
d
a|Dun(t)\2 +  alAu,(t)? (6.35)

< n()|un(®)[f + xn () |un ()] 2 +

9C

200

|hn(t) — h(t)|*|e — Tnel* (6.36)

= ([ (t) = ()] A(G(y(t))mne), un(t)
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where
9C 93 A 4 9C 9
Unlt) = (o + 75) (IPY@Ls + Pya(®)lLe) + 5 Aysl (6.37)
18a? . 9CB% 90 5
xn(t) = ——[Dy@OlLs + = — + 5 [hn(1)] (6.38)

Therefore, with

bn,N 1= Sup ([ (t) — RO A(G(y(t))mNe), un(t))]
we infer that for any ¢ € [0, 7],

Dun®)2 + a/o A (s)|? ds (6.39)
t T
< [ el s [ @l ds (6.40)

9C s [T 2 2
+ ;|e—7rNe| (|hn(8)| + |h(s)] )ds—{—bn,N.
0

Therefore, by the Gronwall Lemma and our assumption (6.13) we get

18C' R?

T
Dun(®)? < [Fle = mvel® + buy + / n(8)lun (3) 22 ds] €59, 1 € 0,7
0

By estimates (6.14) and (6.15)

T

= sup/i,bn(s) ds < oo

neN
0

and v depends on «, T, R, p and r only. Therefore, we infer that there exists a constant
C7 > 0 such that

T

sup |un ()[3: + a/ |Aup|?sds < CTeVT[
te[0,7]

18C'R?

T
’6—7TN€2+bn,N+/ Xn(s)’un(s)’iQ ds|.
0

0
(6.41)

Therefore, since by Claim(6.19) b, v — 0 as n — oo, and, by Step 1, fOT Xn(8)un(s)|25 ds
converges to 0, we conclude the proof of (6.22) and so of (6.20) as well.

Step 4. We complete the proof of Lemma 6.3 by taking the limit as N — oo. O

Note, that Statement 1 follows Lemma 6.3.

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

Y, = Pen (hn) and Yn = (po(hn)'
Let N > | Myl be fixed. For each n € N we define an (.%;)-stopping time
Tn =1nf{t >0:|Y,(t)|m = N} AT. (6.42)
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Lemma 6.5. For 7, as defined in (6.42) we have

lim E [ sup |V, (EATn) — yn (EA T2 + / Yy — ynlon ds | =0.
nreo te[0,7]

Proof. Let X,, =Y, —y,. We assume without loss of generality that § =0, es = e3 = 0 and
e; = h. Then for any n € N we have

dX, = aAX,dt
+a(DX,) - (D (Y + yn)) Yndt + a [Dy,|? Xpdt
+ X X AY,dt + y, x AX,dt (6.43)
# (G (1) = G (3n) i

+ venG (Y, )de+ G’( w) G (Yy) hdt
Using a version of the It6 formula given in [34] and integration by parts we obtain
1
id ‘th%? = |Xn’[2H11 dt + o[ |Dyy| Xn’]?ﬂ dt

+ o (X, (DX,) - (D (Y 4 yn)) Yoo dt
— (DX,, X, x Dyp)p2 dt
+ (G (Yn) = G (yn)) hy Xn) 12 hndt

+ %"zndt /2 (G (V) By X)y2 dW
where z, is a process defined by
zn = (G (Yn) G (Yn) h, Xn > + |G (Y, )h\Lg .
Therefore

Xa(Of22 + 20 / Xalhs ds < C / Xalye Xl lyel2s ds
e / Xl PXalis (ol + o) s
e / 1Xal/2 1 Xl gl ds
+0/|Xny§2 |hn| ds

t
+Csn+\/?n/ o) hy X2 dW] .
0
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By (6.14) we have sup,, |yn|pn < oo and therefore, using repeatedly the Young inequality we
find that there exists C' > 0 such that for all ¢ € [0, T

t t
X0 + o [ [Xalh ds < C [ 102 (14 [bul + 8 lunli ) ds
0 0

t

+ Cen+ /on / (G (V) by Xo) o dWV|.
0
Denoting the left hand side of the above inequality by L; and using the definition of 7,, we

have
tATh

Linm, < C / 1 X, |20 (1 + |hn| + B !ynlﬁul) ds
0

tATh
+ Cen+ /on / (G (V) hy X}y o AW

0
tATh

< / | X, |22 b s + Cey,

0
tATh

+ ven / (G (Yy) h, Xy)p2dW |,
0
where

¢n,N(5) =1 + |hn(5)| + BN4, S < T.
Since

sup sup (G (Yu(t), Xa())? < C, P—as.,
n tel0,T]

the Burkoholder-Davis-Gundy inequality yields
¢
Esup Lspr, < Cyen + /Esup | X (7 A Tn)‘iz tp, Nds, (6.44)

s<t r<s
0

and therefore
t

Esup | Xp(r A7) [22 < Cr/En + / Esup| X (1 A7) 22 tn v s.

r<t r<s
0

Clearly,

T
sup/meds < 00,
neN 0
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hence the Gronwall Lemma implies

T
2 fd’n,NdS
E sup [ X,(r Az < Cy/ened — 0 as n — oo.
rel0,77]

Returning now to (6.44), we also have

» T
f 2 f"pn,NdS
E/ | X (8) i ds < Cy/ened — 0 as n — oo.

0

This completes the proof of Lemma 6.5.

Lemma 6.6. For the stopping time 7, defined in (6.42) we have

n
im E | sup [DValt A7) — yn(t A7) +/]A(Yn —y)ads | =o0.
0

n—00 te[0,7]

Proof. By a version of the It6 formula, see [34],

%d|D(Yn(t) —Un()Ee = — (A (Y —yn),d (Y — yn))p2 + 0 DG (V3) hl: - dt.

Therefore, putting X,, = Y,, — y, and invoking equality (6.43) we obtain for any n > 0

SADX (D = —a |AX, 2,
—a(AX,,DX, - (DY, + Dy,) Yy) 2 dt
— a (AX,, Dy, ? Xn>]L2 dt
— (X X Ay, AX,)p 0 dt
— (G (Yn) — G (yn)) hy AX )2 hpdt
— /20 (DG (V) h, AX,) > dW

En
- (G (Yn) G (Yn) hy AXy) , dt
+ &, |DG (V) hl7 > dt.

We will estimate the terms in (6.45). First, noting that
<Xn X AYn, AXTL>]L2 = <Xn X Aun, AX?’L)LQ

we find that

C
[(Xn x AY,, AXy)p 2| < 0772 |AXH|H%2 + 7772 | X L2 [ Xnlg -

(6.45)

(6.46)
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Next, by the Young inequality and the interpolation inequality (2.12)

(AX,, DX, - (DY, + Dy,) Vn)p2| < O |AX, [

C
+772/|DXn]2 (IDYal + Dy, ) de
A

< 0772 |AXn’J]242

c
+ |DXny§0/ (IDYaf? + Dy, da
A
< O’ |AX [

C
+ g Xl (Xl +18%alc2) (¥l + o)

and thereby

(AX,,DX, - (DY, + Dy,) V;)p2| < O |AX, |72

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

C (6.47)
+ 5 Pl (Yalis + lonlin )
2 2 2 4
< O |AX, e + Gyl Xl (14 Walky )
Finally, using (2.12) we obtain
[ (A%, IDyal Xa) | < 18Xz IDyalis [Dyalyz | Xnl
< Cn?|AX, 2. (6.48)

C
2 Wnlr (b + | Aynli2) [Ynlg [ XnlL2 [ Xnlg -
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Taking into account (6.46), (6.47) and (6.48) we obtain from (6.45)
DX (1) +2a/|AXny?LQ ds < Cn2/|AXn|]2L2 ds
+Cy sup l—i—\Y e /\X 2 ds
Lo / A, ds + €y (sup X0l ) (sup X, 7))
r< r<
9 t t
t
+ 0P [ 18X, ds+ € (sup 0)ee ) (sup X))
r< r<
0 t t
o / X, ds + Cysup | Xa(r)2s
r<t

t
/ ) By AX ) o AW
0
t

+C€n/ (1+1aX,1:) ds

0

(6.49)
Choosing 7 in such a way that 4Cn? = a we obtain
tATh Tn
E| sup DX, (tAT) P2 +a / AX,[f.ds | <Oy (1 +N4)E/\Xn|§p ds
te[0,7) 9
+C,(1+N)E sup | X, (tAT,)|p2
te[0,7)
tATh
+ enE sup (DG (Yy) hy, AXp) 2 dW
t€[0,T]
T

+C’enIE/ (1+ |AXn|]2L2> ds

0

By Theorem 5.3 there exists a finite constant C, depending on 7', o, R, My and h only, such
that for each n € N

IE/ |AY,(8)|22 ds < C(T, o, M, ug, h),
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hence invoking the Burkholder-Davis-Gundy inequality we find that

tATh Tn
E| sup DX, (tAT) |2 +a / IAX,[.ds | <Oy (1 +N4)E/\Xny§ﬂ1 ds
te[0,7]

0

+Cy(1+ N)E sup [ X, (tATh)|p2
te[0,7)
+C(14 N)y/en.
Finally, Lemma 6.6 follows from Lemma 6.5. U

We will conclude this section with the promised proof of Lemma 6.4.

Proof of Lemma 6.4. We will use the same notation as in the proof of Lemma (6.6). 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 neN tepr] 2

Then invoking Lemma 6.6 we find that for all n sufficiently large

P sup |Yu(t) —un(t)|Zn + / Y, — Un’%(A) ds > 6
te[0,7)

< P sup |Ya(t A7) —un(t AT) ‘H1+/’Y_un‘D n=T
te€[0,7

t€[0,T]

—I—]P’( sup |Y,()|m = N)

1
< ZE| sup |[Va(EAT) — un(t ATo)in +/|Y un]D(A
4 te[0,T]
1
+ —E sup |Y,(¢)|m
N t€[0,T]
< .

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.
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The axis of the needle is represented by the interval A and at each x € A the magnetization
u(z) € S? is assumed to be constant over the cross-section of the needle. We define the total
magnetic energy of magnetization u € H' of the needle by

Ei(u) = ;A/]Du(x)\Q dx + ﬂ[@(u(m)) dx — A/%(t, x) - u(z)dz, (7.1)

where
1
O(u) = D (ug,uz,u3) = 3 (u% + ug) ,
5 is the positive real shape anisotropy parameter and % is the externally applied magnetic
field, such that . (t) € H for each ¢.

With this magnetic energy, the deterministic Landau-Lifshitz equation becomes:

%W 1) =y x Ay — ay x (y x Ay) + G) (~BF(y) + # (1)) (7.2)

ot

where f(y) = D®(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 ¢t. Equation (7.2) has nice features: the dynamics of the solution can
be studied using elementary techniques and, when the externally applied field " is zero,
the equation has two stable stationary states, (4 = (1,0,0) and (- = (=1,0,0) = —(4. In
what follow we will abuse the notation as by (1. We will also denote a constant function
A 3z — (4 € S? which obviously belongs to H'.

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 yg satisfies

90— Gl < 1
YT S o A 1+ 20

then the solution y(t) of (7.2) converges to (+ in H! as t goes to co. In Lemma 7.3, we
show that if A exceeds a certain value (depending on « and ) and the applied field is
A = dm+ Bf(m) and |yo — mfg < 1, then y(t) converges in H' to m as ¢ goes to
0o. Lemma 7.3 is used to show that, given ¢ € (0,00) and T' € (0, 00), there is a piecewise
constant (in time) externally applied field, 2", which drives the magnetization from the initial
state (_ to the H!-ball centred at ¢, and of radius § by time 7T’; in short, in the deterministic
system, this applied field causes magnetization reversal by time T'(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 # 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 T" 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 [0,7T], the stochastic magnetization leaves a given

1 . s ) 1 a .
H-"-ball centred at the initial state (_ and of radius less than or equal to TR This

estimate emphasizes the importance of a large value of 3 for reducing the disturbance in the
magnetization caused by noise in the field.
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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 £
does not vary with time.

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 ¢t > 0:

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

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

t

= !yo—CI%ﬂ+2/<—C,y><Ay—ay>< (y x Ay)
0
+G(y)(=Bf(y) +H )y ds

IDy(t)[fy(s) + y(s) x (=Bf(y(s)) +X)
f(y(s)) +2)))mds

t

— Dyofy -2 / (A, G(y) (~Bf(y) + #) (7.4)
0
—ay X (y X Ay))p2 ds

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

1 a

_ < )
Gl S S N T 20

Then for all x € A
(1) 1;;?;;6) + a(ljfg(g)y —au?(z) <0 forallz €A,
(2) (u(x),Cy) > % and
(3) Elu(x)¢el” < Jule) x ¢

Proof. By (2.12)

sup [u(z) — () < E*lu— Celmlu — Cxlm,

TEA
1 « o
< K22V/|A = . 7.5
A e AT+ 20 1+ 2a (75)
Invoking (7.5), we find that
1+«

ut(z) =1 — (ud(x) +ud(x)) > 1 — |u(z) — C£|* > 320 © € A. (7.6)

Hence one can use (7.6) and straightforward algebraic manipulations to verify that

1— 2 1— 2 2
2“1(35) a( ;1(1')) _ au%(:n) <.
uy () uj ()

Statements 2 and 3 of Lemma 7.1 follow easily from (7.5). O
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Proposition 7.2. Let the applied field % be zero and let yy € H' satisfy

_ . 7.7
|y0 C:E|H1 < 2]{32\/W1+204 ( )

Let the process y be the solution to (7.2). Then y(t) converges to (s in H' ast — co.

Proof. Using some algebraic manipulation and the fact that (Dy(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):

y(t) = CelE = lyo— (el —20 / / IDy(s)2(y(s), —Cs) dards
t
—2a5// —C)|y(s) x ¢ [P drds Wt >0, (7.8)
0 A
and
t
Dy(t)|4 = |DyO|H—2a/|y x Ay(s |Hds+25//R Ydrds Yt =0, (7.9)
0
where
R = Dyi(ysDy2 — y2Dys3) + a(Dy1)* — ayi|Dy[? (7.10)
— oDy — 13D
= T yg(ySDy2*y2Dy3)
Y1
Dys + y3Dys \ 2
Fall ) (BRI a2 (D) + (Do)
Define

1 o
—inflt>0: |yt) — > :
T 11’1{ ‘y() Ci|H1 2]{72\/W1+2a}

Then, by our choice of yp, 7 > 0. For each s € [0,7), y(s) satisfies the hypotheses of
Lemma 7.1, hence and

YD) () > 5, we,

7
ly(s)(x) x (—¢2) [ = glv(s) (@) - (+[?, zeA
and, invoking the Cauchy-Schwartz inequality

R (128 QUm0 ) (Dyo)? + (Dys)?) <0 A (7.11)
= 2 « 2 —ayj y2)”+ (Dy3)?) <0, xe€A. )

Consequently, from (7.8) and (7.9) we deduce that the functions |y(-) — (1% and |Dy(-)|% are
nonincreasing on [0, 7). Furthermore, we have

t

3
(6) — Colf <o — ol — 5 [ IDy(o)Eds — Tra / y(s) ~ Calhds, t<r, (112)

0
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and
Dy(t)f < [Dyol, t <. (7.13)
Suppose, to get a contradiction, that 7 < oo. Then, from (7.12) and (7.13), we have

Iy(7) — Calan < o — Gt < ——— -
T)— < — ,
Y + || Yo =+ |m! 2k2 l(A)1~I—2a

which contradicts the definition of 7. Therefore, 7 = co. Since (7.12) holds for all £ > 0, we
have

[ s + [ los) — Galfds < o
0 0

Since both integrands are nonincreasing
Jim ([Dy(#)[w + [y(t) = Cxlw) = 0.
—00
O

other uniform stationary states of equation (?7) are points of the form (0,2,y3) € R3,
where y3 + y3 = 1; however, such a point, (0,92, ¥3), is not a stable stationary state because
any given H'-ball centred at the point contains another uniform state Yy, Yy: Ys) € R? with
lower energy (that is, gg + gg < 1) and, by (??), energy is nonincreasing. 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 m € S? and a real number \ satisfies

\ s <4B+4aﬁv25+4aﬁ—a)'

3a o

(7.14)

Let the applied field be’
H = m+ [f(m).

Let y be a solution to the problem (7.2) with initial data yo satisfying |yo — m|g < % Then
ly(t) — ml < [yo — mly 737 V>0, (7.15)
where

v = (aA+a—258—4af) A (ga/\—Qﬁ—ZozB) >0

is positive, by condition (7.14).

SNote that a constant function m is a stationary solution to the problem (7.2).
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Proof. We have, from (7.3) and (7.4) with ¢ replaced by m:

ly(t) — mlg (7.16)
= lyo—ml3 +2 / (u(s) — m,y(s) x (m — Bf(y — m)))gds
0

+2a [ (Ay(s),y(s) x (y(s) x m))z ds

— 2«

(y(s) x m,y(s) x (m — Ff(y —m)))nds

O O~

t
= Iyo—mlfm—%/(y—m,yXf(y—m)>Hd8
0
¢
—204//]Dy\2(y-m)dxds
0 A
¢
—2a/|y><m\12HId5
0

t
+20<ﬁ/<y>< m,y X f(y—m))gds Vt=0.
0
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From (7.4) we have:

t

IDy(t)[f = [Dyolss — 2 /<Ay(8), y(s) x (m — Bf(y — m)) (7.17)
0
—ay(s) x (y(s) x Ay(s))
—ay(s) x (y(s) x (m — Bf(y —m))))mds

t
= |Dyolf + 25/<Ay7y X f(y —m))n ds
0

¢
- 2a/|y x Ayl ds
0

t

—2a//|Dy2(y-m)dxds
A

0

t
208 / (Dy,y x (y % Fly —m)ds VE> 0.
0

Define
m=1inf{t > 0: |y(t) — mlm > +}. (7.18)
By our choice of yg, 7 is greater than zero. Observe that

sup ly(t)(x) —mlps <1 for all t < 7. (7.19)
TEA

It is easy to check that for every ¢t < 7

3
2yt - mlf; < [y(t) x mf < [y(t) — ml3, (7.20)

and

z €A (7.21)

NI

y(t,iﬁ) ‘m >
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Adding equalities (7.16) and (7.17) we obtain for ¢ > 0

t

— o~ mffy —da [ Dy (y-m) dods
0 A
t
+25 [(Ayyx g - ) ds
" t
— 2aﬂ/<Ay,y X (y x fly—m)))gds
tO
—2a [ |y x m|% ds
/
t
=26 [y myx fy - ) ds
0

t
+2Ozﬂ/<y xm,y x f(y—m))mds
0

t
—2a/|y>< Ayl ds.
0

Therefore for every ¢t < 7y

t
W) —m2, < |yo—mlZ — (20 — 28 — 4af) / Dyl2 ds
0

t
~ (30 —20 - 20) [ Iy — mf} ds
0

t
~2a [ 1y x Ayl ds,
0

(7.22)

(7.23)

where we used (7.19), (7.20) and (7.21). Because of hypothesis (7.14), the two expressions
(2a0 — 28 — 4aB) and (%a — 28 — 2a3) on the right hand side of (7.23) are positive numbers.

Suppose, to get a contradiction, that 71 < oco. Then, from (7.23), we have

ly(m1) — mlgm < [yo — mlgm < 1,
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which contradicts the definition of 7 in (7.18). Hence 71 = oco. It now follows from (7.23)
that

/|Dy(s)|]%lds < 09, (7.24)
0
/Iy(é’)—m\%ﬂds < o (7.25)
0
and /\y(s)xAy(s)\%ds < 0. (7.26)
0

From (7.22) and these three inequalities, the function ¢ € [0, 00) — |y(t) —m/|?; is absolutely
continuous and, for almost every ¢ > 0, its derivative is:

%Iy—mlﬁl(t) = —4a/|Dy(t)|2(y(t).m)dx
A

+28(Ay(t), y(t) x f(y — m))m
—2aB(Ay(t),y(t) x (y(t) x fly — m)))m
— 2aly(t) x m\%ﬂ
—2B(y(t) —m,y(t) x f(y —m))y
+2a8(y(t) x m,y(t) x f(y —m))n
—2ay(t) x Ay(t)lf

< —(200— 28 — 408)|Dy(1) [
— (3a—28—20B)|y(t) — mf}
—2ay(t) x Ay(t)lf

< y(t) — mlg, (7.27)
where
v = (a+a\—28 —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 (4 and (_ 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 {_ to
any given H!-ball centred at (; in any given time interval [0,7]. We also find an exponential
upper bound for the probability that small noise in the field drives the magnetization out-
side a given H!-ball centred at the initial state (_ in time interval [0,7]. Firstly we need a
definition.

Definition 7.4. Let § be a given small positive real number. Suppose that the initial magne-
tization is (_ and that at some time T the magnetization lies in the open H'-ball centred at
(1 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 xXAY —aY x (Y x AY)+ BG(Y)f(Y)) dt
+ VEG(Y)B o dW (1) (7.28)
Y(0) = (.
In (7.28), we assume that the vectors ey, ea, e3 € R? are linearly independent. The parameter

€ > 0 corresponds to the ‘dimensionless temperature’ parameter appearing in the following
stochastic differential equation (7.29) of Kohn, Reznikoff and Vanden-Eijnden [29]:

m=mx (g+e2 /1225 W) —am x (m x (g -+ 34/ 1225 W)), (7.29)

Fix T > 0. There is no deterministic applied field in (7.28) but, as we will see, the lower
bound of the large deviation principle satisfied by the solutions Y (¢ € (0,1)) of (7.28) implies
that, for all sufficiently small positive e, the probability of magnetization reversal by time T
is positive.

Firstly, we shall use Lemma 7.3 to construct a piecewise constant (i e) deterministic
applied field, 2, such that the solution y of (7.2), with initial state (_ = (—17 0,0), undergoes
magnetization reversal by time 7.

Take points v’ € S?, i =0,1,..., N, such that v® = (_ and " = ¢, and

|u

o o 1
T = et — u T gs /A < Z fori=0,1,...,N — 1.
Let

1 S
n::min{k—|u’—u”1\H1 :i:l,...,N—l}/\

Using Lemma 7.3, we can take the applied field to be
Z Lt ez (®) (R + B, 220, (7.30)

with the positive real number R chosen to ensure that, as ¢t varies from i% to (i + 1)%, 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 w™*! (ie. |y((i +1)%) — u'tm < n). Specifically, we take R € (0,00)
such that

%e 2[(01R+a 2B8—4aB)N(5 OcR—Q,B—QOé/B)]% <.

For each i = 0,1,...,N — 1, let ¢*t! = (¢§+1,¢§+1,¢é+1) € R? be the vector of scalar
coefficients satisfying the equality

¢z'1+1a1 i ¢§+1a2 I gbé“ad — Ryit! +5f(ui+1)7
and define

21 v (ienyz(t (t) ¢t tel0,7). (7.31)

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 (7.28). By an argument very much like that leading
to Theorem 6.1, 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
yy(t) = C—|—/y¢xAy¢ds—a/ywx(ywayw)ds
. .
5 [ G f ) ds+ [ Gy Buds (7.32)
0 0

By Corollary 5.6 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, (7.33)
0

where the infimum of the empty set is taken to be oo.
Let y be the solution of equation (7.2) with yo = (_ and .# as defined in (7.30). Using the
notation in (7.32), we have y = y4, for ¢ defined in (7.31). Therefore

T
Ir(w) < 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-Wentzell formulation
of the lower bound of the large deviation principle (see, for example, [20, Proposition 12.2]),
given & > 0, there exists an g9 > 0 such that for all € € (0,e0) we have

N

T
P supte[o,ﬂimw—y<t>|Hl+<Of|Yf<s>—y<s>|%<A>d8> <4

> exp (—ITE:y)—ﬁ)

T
—%g |(s)|? ds—¢

£

> exp (7.34)

Since we have |y(T) — (4 |m < %, the right hand side of (7.34) 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
(7.28) undergoes magnetization reversal by time T is bounded below by the expression on the
right hand side of (7.34); in particular, it is positive.

We shall now use the upper bound of the large deviation principle satisfied by {-Z(Y*¢) : ¢ €
(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 (_ in time interval
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[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 h an arbitrary element of L?(0,T;R3), y;, denotes the
function in 27 which satisfies equality (7.32) and 7y, is defined by

1 ol
=inf<te€0,7T]: t > .
Th i= In { [0, T < [yn(t) + G lm 2k2\/W1+2a}
Lemma 7.6. For each h € L?(0,T;R3), we have |Dyx(t)|u = 0 for all t € [0,7, AT).

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

Dy(t)|fg = —2a/|yxAy|Hds+2B//Rd:pds

3
- 2042/ Dy, y x (Dy x a'))ghsds, t € [0,T], (7.35)
=17

where R(s) defined in (7.10) satisfies inequality (7.11). For each s € [0, 7, AT), y(s) satisfies
the hypotheses of Lemma 7.1, thus we have R(s)(z) < 0 for all z € A. It follows from (7.35)
that for all t € [0, 7, AT):

t 3
Dy(e)h < 20 [ Dy la -1l ds. (7.36)
A i=1
By the Gronwall lemma applied to (7.36), |Dy(t)|% = 0 for all t € [0,7, A T). O
Proposition 7.7. Let
O<r<p<—— “
r < .
PS o A1+ 20
The for any § > 0, there exists eg > 0 such that for all € € (0,e):
2
P sup [Y5()+ il > 0| < exp (’“*"f) , (7.37)
t€[0,T] €

where
af

 Smaxicics [0l [A[(T+0?)

Proof. We shall use the Freidlin-Wentzell formulation of the upper bound of the large devi-
ation principle (see, for example, [20, Proposition 12.2]) satisfied by {-Z(Y*) : ¢ € (0,1)}.
Recall that .#, defined in (7.33), is the rate function of the large deviation principle. Our
main task is to show that

{ve 2r: Ir(v) < /47“2} C {U e C([0,T;HY) : sup |v(t) + Colm < r}.
t€[0,T]
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Take h € L?(0,T;R3) such that

T
1
— h(s)|?ds < K. 7.38
2

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,

tATH

Wyt Ah) + Co P = 20 / / Dy (y- C.) deds
0 A

tATH

+2aﬁ//<y-<+>!yx<+\2dxds
0

t/\Th

2 .
—2 v h; d
a52/< (v x o), ﬁ>H ;
Wh (7.39)
2 .
+2 — ? h; d
aﬁZ/< ). 5xa)) s
t/\Th t/\Th

3 3
<58 | |yx<+\%ﬂds+2aﬁ/|yx<+|%ﬂds
0

t/\Th

< +a> \A;Zm?/h%ds,

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 (7.38) in (7.39), we obtain

ly(t A1) + ol <7 < vt € [0,T]. (7.40)

1 o
2k2\/IA| 1+ 2«

From (7.40) and the definition of 75,, we conclude that 7, > 7. Hence we have

sup |y(t) + Ctlm <7
te[0,T
By the Freidlin-Wentzell 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,¢q), inequality (7.37)
holds. [l

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. BUDHIRAJA-DUPUIS RESULT
Let us recall Theorem 3.6 from [14].

Theorem A.1l. Assume that K, H be separable Hilbert spaces such that the embedding
K—H (A1)
is y-radonifying, and
f:oC([0, T H) - R
be a bounded (or bounded from below?) Borel measurable function. Then

T .
— logEe~ /W) :hig;E(;/o |h(s)\%<+f(W+/0 h(s) d,s)), (A.2)

where of consist of all K-valued predictable processes h such that

IP’{/OT Ih(s)|% < oo} =1 (A.3)

For R > 0 we denote by «/r the subset of &/ consisting of of all K-valued predictable
processes h satisfying

]P’{/OT Ih(s)|% < R2} ~1 (A4)

Note that |Jp.(#/r is a proper subset of 7. Let us also denote by Bpg the closed ball of
radius R in the set L2(0,T;K), i.e.

T
Br:={h e L*(0,T;K) : / |h(s)|k < R*}. (A.5)
0

We endow Bp with the weak topology induced by L?(0,T;K).

Let now E be a Polish space and consider a family, indexed by e € (0, 1], of Borel measurable

maps
J:,C([0,T;H) — E.

On the space (C ([0, T]; H) we consider a Wiener measure P corresponding to the embedding
(A.1) (and the integration w.r.t. P we denote by E). Note that the RKHS of x is not the
space L?(0,T;K) but the space 0Hl’2(07 T;K), where

oH2(0,T;K) = {w € (C([0,T);K) : ' € L*(0,T;K)}.
Note that the map
L*(0,T;K) 3 h — / h(s)ds € (H"*(0,T; K)
0
is an isometric isomorphism.
We denote by p® the ”image” measure on E of P by J¢, i.e.
ut = J(P), ie. u(A) = IP’((JE)_I(A)), A€ B(E). (A.6)

Assume

Assumption 1. There exists a Borel measurable map
J°:,C([0,T;H) = E
such that
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(BD1) if R > 0 and a family he C 9 converges in law on Br to h € o/R, then the processes
OC([O,T],H)BwHJ‘Sw—i—/ €EFE

converge in law, as € \, 0, to the process J°( fo s)ds),
and
(BD2) the set

{JO(/ h(s)ds) : h € BR}
0
is compact in E.

We have the following result.

Theorem A.2. [14, Theorem 4.4] If the assumptions listed above, in particular Assumption
1, are satisfies, then the family of measures u. satisfies the LDP with the rate function [
defined by

= inf{= / )% h e L*(0,T;K) and u = JO(/ h(s)ds), }. (A.7)

0
Note that

1 (T
I(u) := inf{z/ v/ ()| 1 y € oH"*(0,T;K) and u = J(y), }. (A-8)
0
Obviously, we put, as always, inf @ = co.
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