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Abstract

In this work, we are interested in the behaviour of a single ferromagnetic mono-domain
particle submitted to an external field with a stochastic perturbation. This model is a step
toward the mathematical understanding of thermal effects on ferromagnets. In a first part,
we discuss modelling issues and propose several ways to integrate a random noise in the
deterministic model. Then, among all these approaches, we focus on the more natural one
and study its long time behaviour. We prove that the system converges to the unique stable
equilibrium of the deterministic model and determine the LP rate of the convergence.
Finally, we illustrate the theoretical results by numerical simulations.

Keywords: thermal effects modelling; stochastic dynamical systems; convergence rate; fer-
romagnetism.
AMS Classification: 60F15, 60F25, 60Z05, 93E15.

1 Introduction

The use of stochastic modelling for ferromagnetic particles goes back to the seminal paper by
Brown (1963) on the physical aspects of the problem. This problematic has been extensively
studied by physicists in several application domains. For example, we can cite a wide range works
on the suspension of heated magnetic particles going from Ivanov et al. (2016) for the microscale
approach to studies implying thermal effects in larger magnetic structures such as those used in
magnetic recording, see for instance Tserkovnyak et al. (2005). In this work, we focus on a single
ferromagnetic mono-domain particle submitted to an external field, whose behaviour is usually
modelled by the following deterministic dynamical system:
dp 3

o = ANb—apA(uAb), po € S(RY) (1)
where b € R? is the external magnetic field, a € Ry and S(R3) classically denotes the unit
sphere in R®. Tt is clear that |u;| = 1 for all + > 0. We introduce the antisymmetric operator
L : R? — M35 associated to the cross product in R3

0 —z3 2
L(z) = x3 0 -t
—z2 gl 0

Let A :R?® — M3y3 be the operator defined by

A(z) = ax*zl — axz™ — L(x)
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where I is the identity matrix in M3yx3. We can write (1) as

W Ad, o € S®). 2
This paper aims at introducing a stochastic perturbation in order to model thermal effects. We
already published an article Etoré et al. (2014) on the same subject but using a different modelling
of the stochastic perturbation; in the present work, we use the Stratonovich integral to design an
alternative model to the rescaled It6 approach studied in Etoré et al. (2014). First, we recall the
model studied in the previous work along with the main results we obtained. Second, we explore
two different approaches to model the effects of a heat pulse on the behaviour of a ferromagnet: we
can either pull the It6 equation back onto the sphere with a suitable projection or we can interpret
the stochastic model in the Stratonovich sense. We will see that the Stratonovich approach
corresponds to using a Euclidean projection as the pull back in the It6 approach. Then, we focus
on the mathematical study of the Stratonovich approach and establish its long time convergence.
Finally, we present some numerical results illustrating the theoretical results.

2 Modelling issues

Let (2, A,F = (F,)i>0,P) be a filtered probability space. We consider a standard F—Brownian
motion W with values in R3. Thermal effects can be embedded in the deterministic system (2)
by adding a stochastic perturbation to the external field b, which naturally leads to the following
stochastic system

dpe = A(pe)bdt + e A(pu)dWr. (3)

If this SDE is interpreted in the It6 sense, the system is not physically consistent as it does not
preserve |u:| whereas this is a physical invariant of (2), see Brown (1962). In this section, we
investigate different ways of modifying the stochastic model to ensure its consistency with the
physical model. First, we recall the rescaled approach developed in Etoré et al. (2014). Second,
we interpret the model (3) in the Stratonovich sense and study its long time behaviour.

2.1 The It6 approach

We recall the model developed in Etoré et al. (2014) along with some convergence results

dYy = A(pe)bdt + e A(pt)dW;

_ Y
1243 I

Yo =yeSR3).

The process (j;); converges to b when t goes to infinity with the rate v/t let h(t) = |Y;| =
V2e2(a? 4+ 1)t + 1, which is deterministic for this model. The process u solves the following SDE
n(t A
dpty = (_ (t) (1) €

h(?)

A(Mt)th7

10 e + 0] b) dt +

from which it clearly appears that the noise added to the model vanishes at the rate eh(t)~1. We
recall the main result from Etoré et al. (2014) concerning the convergence of 1 when « > 0.

Theorem 1. Assume o > 0. Then,

20,2
. _ . _ ef(a®+1)
thjgout =b/|bla.s. and thjgoE[h(t)(|b| — e - b)) = —
If instead of rescaling, we simply move the dynamics back on to the sphere with an extra term K,

we get the following model



Using that z*A(z) = 0, we deduce that d |u|* = 2p - Kydt + tr(d (1),). An easy computation
shows that tr(d (u),) = 2¢2(a® |ue|> + 1) ||” dt. Then, the condition || = 1 imposes to choose
Ky = —£2(02 |pe)® + 1)z + pi-, where pi is an adapted process orthogonal to i for all t. The
final term K; can be thought of as pulling the process p back onto the sphere. The minimum
norm pull is obtained by choosing u* = 0, which leads to

dps = A(pe)bdt + e A dWy — €2(a? |pe|” + 1) pedt

and it simplifies into
d/.l/t = A(/,&t)bdt + 5A(Mt)th — 82(Oé2 + 1)/Jtdt (4)

as | Mt|2 = 1. Note that for the choice u = 0, K, corresponds to applying an Euclidean projection
of 1 on the sphere. This equation will show up later as the It6 form of the Stratonovich stochastic
model. The idea of taking for the K; the Euclidean projection can be used to define the spherical
Brownian motion, see Brillinger (1997) for a survey of possible approaches to define the spherical
Brownian motion.

2.2 The Stratonovich approach
Instead of trying to modify the It6 SDE (3) to satisfy the physical constraint |u;| = 1, it is

possible to interpret the stochastic term e A(u:)dW; in the Stratonovich sense.

Let 0 denote the Stratonovich differential operator. Let (fi¢); denote the stochastic system with a
Stratonovich perturbation. We assume that the magnitude of the stochastic perturbation is given
by a deterministic positive function (g;);. In this section, we consider the stochastic model defined
by the following Stratonovich SDE

aﬂt = A(ﬁt)bﬁt + €tA(ﬁt)aWt. (5)

If we compute d|fi|? = 2fi; - Ofiy using Equation (5), we immediately notice that 9|i;|? = 0. Now,
we turn this Stratonovich SDE into an It6 SDE (see (Rogers and Williams, 2000, V.30))

3 3
ZZ (AjqDj(Aiq)) (1ie),

g=1j=1

dﬂ A(/Lt)bdt+€tA(Mt th

[\D\'—‘

where D; denotes the partial derivative with respect to the j — th component.

D) (4D ( iDAA*

Let us compute D;A by using that D;(z) = e;, where e; is the j — th vector of the canonical
basis.

D;A(z) = a(Djz*x + 2" Djx)] — a(Djzx* + xDjz*) — L(D,(x))

= a(2z"e;I — e;z" — zej) — L(e;).

(D;jA)A% () (—a(—2z%e;I + eja” + zej) — L(ey)) (az|’e; — axz; — L(e;)x)

.Mw
I
'M“

~
I
—

~
I

1

[
NE

o?(2lzPrje; — 2057 — |zejate; + ejxtaa; + —|x[*zefe; + vefra;)
1
+ L(e;j)L(e;)x.
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All the other terms vanish by using the linearity of the operator L. Hence,

3 3
Z (D;A)AY(z = —20°z* + Z(ej z)e; — (e - ej)r = —2(a?|z]* + 1)z

j=1
Hence, (i) solves the following It6 SDE
dfiy = (A(fi)b — &7 (|| + 1) i) dt + e A(fir) dW.
As by construction |ji;|? = 1, the process (jit); also solves
djis = (A(fn)b — e (0 + 1)fig)dt + e, A(fi) AW (6)

This equation is similar to (4), which was obtained by pulling the It6 process back to the sphere.
This similarity of the two equations actually advocates to interpret the noise in the Stratonovich
sense as it naturally preserves the norm of u. However, it is easy to check that

e D) = —e2a? + 1)l
a=b/|b|

This implies that b cannot be an equilibrium point of the stochastic system (fi;); when e, =€ > 0
for all t. Moreover, for the constant magnitude case, it was proved in Etoré et al. (2014) that
iy could not converge to b. Actually, (6) very much looks like a continuous time stochastic
approximation and it is known from Benaim and Hirsch (1999); Fort and Pages (1999) that a
long time stationary measure can only be obtained when letting £ go to zero as well. Hence, it is
natural to consider in the following the decreasing noise framework, ie. when ¢; is a decreasing
positive function.

3 The Stratonovich model with decreasing noise
In this section, we assume that (g;); is a decreasing function satisfying ¢; > 0 for all ¢ > 0 and
lim ¢, = 0.
t—o0
diiy = —(A(jig)b + €7 (a® + 1) i) dt + &4 A(fig)dWy,

where the operator A simplifies into A(z) = ol — axz* — L(x) for x € S(R?). Then, we deduce
that

d(fie - b) = — {a ((ﬂt - b)? — Ib\z) +ei(a® + 1) - b} dt
—e¢( = L(ae)b + a((fig - b) iy — b)) - dW. (7)

As [ is bounded, the stochastic integral in the above equation is a martingale with expectation
zero. For future computations, it will be useful to know the quadratic variation of the process

(fig - b)s:
d < fi-b>=¢] |=L(a)b+ a((f - b — b)|* dt = &7 (o® + 1)(|b]* — (¢ - b)) dt.

3.1 The case a >0

Proposition 2. Assume that one of the following conditions holds
(i) [)°eidt = o0 and [)° e}dt < co.

(it) [ etdt < oo.



Then, iy — 2 a.s.

t—o00 ‘bl
The proof of this result heavily relies on a bespoke version of the ODE method, which aims at
relating the behaviour of the SDE with the one of the ODE obtained by an averaging process. A
general theory for the ODE method was developed in different frameworks by Benveniste et al.

(1990); Benaim (1996); Kushner and Yin (2003). For more results on the stability of SDE, we
refer to Khasminskii (2011).

Proof. As |fit] = 1, the result is equivalent to fi; - b — |b| a.s.
Step 1. We aim at proving that the martingale part of (fi; - b); (see (7)) converges a.s. Consider

¢
M; = / es(— L(jis)b + o((fis - b)fis — b)) - AW,
0
It is sufficient to prove that sup, E[M?] < oo to ensure the a.s. convergence of M;.
¢
BV = [ <o + B ~ (e - B)ds. 8
0

Case (ii). It is obvious that sup, E[M?] < co.
Case (i). From (7), we can deduce that

Elfi; - b)' = aB[|b]* — (1 - )] — &7 (a® + 1)E[f; - Y]
t 4 t
(E[,L_Lt . b] efo (a2+1)5§d5> _ OLEHZ)‘Z o (,at . b)Z] ef0 (a®+1)e%ds ]

Hence, as fi; - b is bounded, there exists x > 0 such that for all ¢ > 0
t
/ E[|b|2 - (ﬂs . b)2] efos(az—b—l)sidu ds < Hefot(az+1)s§ds ] (9)
0

Combining (8) and (9), we obtain using an integration by parts formula that

S

t
E[Mf} _ A 62(a2 + 1) e S5 (@®+1)e2du EHb‘Q _ (ﬂg . b)2] ef;(a2+1)eidu ds
t
< ke +1) + Ii/ (e2(a® + 1))2 — 2l (a® 4+ 1)ds
0
t
< ked(a? +1) + /s:/ (e2(a® + 1))2 ds.
0

Considering the Assumption (i) satisfied by (g¢), sup, E[M?] < oo.

In the end, when either (i) or (ii) holds, the boundedness of E[M?] ensures the a.s. convergence
of the martingale M to some square integrable random variable M, satisfying M; = E[M|F].

Step 2. Define X; = fis - b — (Ms — M}). The process X solves the classical differential equation
dX; = —{a ((p,b)? - |b|2> +ef(a2+1)ﬂt-b} dt. (10)
Let 1 > 0, there exists T > 0 s.t. for all t > T, e2(a? + 1) |b| <75 and |fi; - b — X;| < .

Let 0 < 01 < d2 < |b]. We can choose ) small enough such that ; < d2 —2n and n < %(\b|2 —62).
Figure 1 defines three regions: the two pole caps and the region in between; depending on the



Figure 1: We consider three zones on the sphere {fi-b < —d1}, {—02 < fi-b <2} and {fi-b > d2}.

position of fi; - b, we can bound from below the r.h.s of (10) to deduce that for t > s > T.
t t «a 5
X — X, 2/ (@® + 1)endr L, be—s,ydu +/ 5 (" = 03) L5, <p, b<srydu
S S
t
= [ B0 £ 1) L o
> [ (02 £ 1025 d VT d
Xo—Xs 2 [ (@ +Devdi Lixy<si-mdu+ [ (6] = 63) L{—sp4n<x,<6,-nydu
S S
t
- [ BlEe? + D 1 s do
Note that X; is increasing on the set {u : X, < d2 — n}. We can choose d5 sufficiently close to

|b| such that there exists ¢; for which [ (a® 4+ 1)e2d; du = [b] — (82 — 1) — remember that 7 can
be chosen as small as necessary. Hence, for all ¢t > t;, X; > —d2 + 1. Therefore,

t t

(0%

Xy — Xy, 2/ §(|b|2 —83) {5, 4n<x, <5, my —/ blei(@® + 1) 1(x, >5,4mydu.
t1 tl

From the continuity of X, we deduce that there exists to > t1 such that for all t > to, X3 > 6o — 1,
which implies that for all ¢ > t5, fiy - b > d2 — 27. By choosing 4 close to |b| and 7 close to 0, we

conclude that fi; - b — |b]. |
Proposition 3. Assume fiy — b/ |b| a.s. If (¢¢); is of class C' and limt_mog =0, then, for all
peN,
b 2p _op a2 + 1 P
1 — — 1 e - |
= U i ) = ()

2
Note that as |f:| = 1, ‘\%I — ﬁt‘ = %(|b\ — fit - b). Hence, the proposition could equivalently be

P
written limy_, oo E[(|b] — iz - b)pst_Qp] = (%) pl. For p =1, this boils down to lim; o E[(]b] —

fis - b)e; %] = % In the case of the rescaled It6 model, the convergence rate was given by
h(t), which actually monitors the magnitude of the noise. In the Stratonovich model, this role is
played by ;. Hence, we would have expected a convergence rate of ¢; ! whereas we obtained a
much faster one, namely the square of it — ;2. Although in both models, the magnetic moment
converges to b, the rates governing the convergence significantly differ.



Proof. Step 1. Consider the process Y? defined by Y = (|b| — jir - b)?*'e; *”. We aim at proving
that, for all p € N, E[Y/] — 0. For p = 0, the result follows from the almost sure convergence of
[t -b combined with the bounded convergence theorem. Now, we prove the statement by induction
for p > 1. Assume the convergence holds true for p — 1. Applying the It6 formula to Y? yields.

_ _ _ _ +1 _ - _
AP = ~(p+ Ve (] = o OG- 0) — 2 e+ PEED (o — by ),

= (p+ Ve, (bl = i b)” {o (G- 0)2 = ) + 230 + D) - by dt — 2pefey VPt

p(p+1)
2

= {~(p+ 1)aY (7 - b) + [bl) — 2peje; Y7} dt

_ 2
+(p+ D)2+ 1)YP! (p; ut~b+§b|) dt + ... dW,.

+

(0 + D)YP (o] + fag - b)dt + ... dW;

Introduce the function F(t) = 2ploge; + (p + 1)a |b|t. As lim;, o €}/er = 0, loger = o(t) when
t — oo and therefore F(t) ~ (p+ 1)a|b|t. Then, we integrate the above differential equation to
obtain

K 2
E[Y?] — B[YF] e O-F® = o= F(®) / eF@(p+1)(a®+1)E [Y;—l (p; [is - b+ g b|)] ds
0

t
_ o F() / eF(s)(p + 1)aE[YP (jis - b)]ds.
0

The result for p — 1 combined with Lemma 7 yields that the first term on the r.h.s tends to 0 and
we are left with

t
limsup E[Y/] = — lim inf e~ F'®) / ") (p+1)aR[YP (is - b)]ds.
t 0

From Lemma 8, we deduce

1
limsup E[Y?] < — liminf WE[Y;gp(ﬁt b)) <0
¢

where the last inequality comes from Fatou’s lemma. Then, we conclude that

for all p > 0, li{nE[Ytp] =0. (11)

P
Step 2. Define Z? = (|b| — fi; - b)Pe; **. We aim at proving that lim,_, E[Z?] = (%) p! by
induction. The result is obvious for p = 0 using the a.s. convergence of fi; to b. Assume p > 1 in
the following.

_ 1. _ -1 _ _9 — _
azp = —per (b — e -0 (e -b) — 2w 2+ PO by gy vy a g,

= e, (bl = i b o (e 0)2 = b17) + 23(0% + D) - b} dt — 2pele; 27t

1 _
+p(p2 )(a2+1)Zf 1(‘b|+ﬂt'b)dt+"'th

_ -1
- {—pazmt B) -+ [b]) — 2peler 2P + pla® +1)2P (m 4 2ol b)) } dt+...dWh.
If we group the terms together and take expectation, we obtain
E[Zf) = (=2peje; ' — 2pa |b]) E[ZF] + paE[Z] (|b] — fir - b)]

w08 | 207 (Pt s+ )



Note that Z?(|b| — jiz -b) = Y,¥. Then, using the function G(t) = 2plog(e;) + 2pa |b| t, we can write

(E[Zf] eG(t))/ = {paE[Yf] + (@ + 1)pE [—p;l

Ve | s,
Integrating this differential equation leads to
t
E[Z}] — E[Z5] PO ~C) = ¢=¢ 1) / (@2 + 1)p? [b| E [2271] ) ds
0

+e GO /tp {a]E[ysp] —(@®+ 1)@E o] } ) ds. (12)
0

From the first step of the proof of (11), the second term on the r.h.s of (12) tends to 0 when ¢
goes to infinity.

p—1
Assume the result holds true for p — 1, ie lim, E[Zf_l] = (%) (p —1)!, then

t
tim B(27] = Jim e [ (02 + 17 ] [2271] € ds
— 00 0

t—o0

With the help of Lemma 7, we easily conclude that

2 P
+1

limE[ZP] = a4 .

1t [ t] < 2 ) b

From the LP rate of convergence obtained in Proposition 4, we can deduce an almost sure limiting
speed. Although such a corollary is standard for discrete sequences, it requires some extra controls
in continuous time.

Proposition 4. Assume that

oo
o there exists v > 0 such that / g/ dt < oo;
0

/
€

e the function (g4); is C*, decreasing for large enough t and satisfies tlim Lt =0.
—00 &4

Then,

2

for alln >0, e, M 5 0 a.s.

b
|b| ot

Proof. Step 1. As (g;); is decreasing, then for all ¢ > s and all 8 > 0, we have 717 < &P,
Hence, for all 8 >0, [ 7Pt < .
First, we only prove the result for integer values of t. From Proposition 3,

2p
—2p+np

E €, >Cpel®

b
|b| 1243

for all p > 1 where C}, > 0 is independent of ¢.

[e'e] b -
ZE Ub| - Mt

t=0

2p

oo o0
5[2p+"p] < Z Cp et < Cp/ ePdt.
0

t=0



Choose p such that np > v and hence, [ e/*dt < co. Then, for such a p,

o0

2p ) b
€ PHE| — R — [t

o e
\bl

2p
—2
g, PP < oo

b

2p
_9 .
0 g, PP < o0 a.s. finite and therefore

Consequently, ;7 ‘ it
2

— | & =0a.s. (13)

i
teN, Ea ‘ |b|

This standard reasoning relies on the Borel-Cantelli lemma, which cannot be applied readily for
a family of continuous time events. Extending this result to ¢t € R, requires to monitor the

g, 2 for t € [n,n + 1] for any n € N.

2
behaviour in L?(Q) of ‘% — it

2 2 5
E; +n

Step 2. We aim at proving that lim, o SUp, <;<,4+1 )% — iy 5;2+’7 _ ’\TIZ| — fin — 0
a.s. DeﬁneXt:‘—Zl—/lt. LetneNandn<t<n-+1
Xl &% = 1 X0 52| < O |IXal? (63247 = 7| 4+ C (Xl = X2y >

< C1Xal ;247 + C[(1Xal” = 1X)er >

< O1Xal 724 + C (1 Xal® - 1Xel)ez ).

As we know from (13) that |X,|°e;2™ — 0, it is sufficient to monitor
SUP, << t1 ‘|Xn|2 - |Xt\2’ e, 2. It is acutally enough to consider sup,,<,c, 1 | X5n — X¢| €, 21"

as | X;| < 2.
Let p > 1.

E [ sup | X; — Xn|2p}
n<t<n+1

t Zp
<CE| sup / a(|b” = (i - b)?) — €2 (a? 4+ 1)fiy, - bdu ]
n<t<n+1|Jn
t 2p
+CE Sup / <C:u(ﬂu ANb+ a(b = (o - b)ﬂu)) ~dWy ‘|
n<t<n+1

n+1 9 2p
chU oﬁp(lbl —(ﬂu~b)2) +sﬁp(a2+1)2pdu]

(AMEﬂ&+nwF—erm@1

where we have used Burkholder-Davis-Gundi’s inequality to treat the stochastic integral term.
From Proposition 3, E[(|b|” — (fiy - )2)?] = O(¢2?) and we can write

+CE

E{ sup |XtXn|2p]

n<t<n+1
n+1

<c /:HE (B = G - 0))% ] + b du+ C / E <2 (b = (- 5))7) du

n

n+1
< C/ si”du < Caff’.
n



Hence, we obtain

E { sup  (e,°7"[X, — Xn)Qp} < CePn < C’/ el du
n—1

n<t<n+1

ZIE [ sup  (e,%7]X, —Xn)zp} < C’/ el du.
>1 n<t<n+1 0

n

For pn > ~, / ePdu < oo and Borel-Cantelli’s lemma yields that
0

. - 2
lim  sup £,277|X; — X,|°=0.
=0 pt<nt1

Then, we easily conclude that (13) holds for any real ¢ and not only integers. |

3.2 The case a =10

In this case, the process i1 solves the simplified equation
dii = (L(b) — €71) judt — e, L(fiy)dW;. (14)
We can integrate this SDE as a classical ODE to obtain
d (e—L(b)t-s-fOt e2du ﬂt) — _ o~ LO)t+ [y eldu e L(jie)dW;
i — oL ()= [} €% du fig = _ oL0)t— [y ehdu /t o~ L®)s+[5 et du esL(jis)dWs. (15)
0
Let us introduce the square integrable martingale N defined by

t
N, = / efL(b)erfo5 e2du 53L(ﬂs)dVVs-
0

The long time behaviour of (fi;); depends on the integrability of (e;);.
Proposition 5. If [ c2du = oo, E[fi¢] — 0 when t — oco.

Proof. From Eq. (15), we deduce that

E[fi,]] < e Jo<udu

t _2
O (g < = 5 2 .

The non integrability of (¢2); yields the result. |

Proposition 6. When fooo e2du < oo, Ny converges a.s. to some random N, and

lim g — eL(O)t=f5* Eid“(ﬂo — Ny)=0a.s
t—o00

. P
and moreover for all p € N, there exists cp, such that E[|Nt|2p] <e¢p (e2 Jo e2ds —1) for allt > 0.

When [;* edu < oo, sup, E[|N¢|’] < 0o and then N converges a.s. to Nso and N; = E[Noo|F].

2
eL®t— 5 ehdu 1

Hence, we clearly have E[N] = 0 and we obtain that lim;_, . E[fi] — o = 0 a.s.

L(b)t

The term e makes ji; move on the ring with level e Jo~ €udv(fiy - b — N - b).

10



Proof. From (15), we have
[ — eL(b)t— Jeidu(ﬂo _ Nt) =0
Hence, it is sufficient to prove that e“®¢=fo <udu (g — N;) — e [5™ <udu (g — N) — 0 aus.
0 (e 50—y o 07 )|
< ‘_ e [ eddu fig — e~ I3 &2 du N, + ef0°° e2du Noo‘
2

oo t _2 oo 2
§ ‘767‘& Euduﬁ0’+‘feffosuduNt+efo EuduNoo’*}0~

This last result yields the convergence announced in the Proposition.
Let p € N*. Using Burkholder-Davis-Gundi’s inequality (see Revuz and Yor (1999)), we have for

o= (22 )

t p
E[|N:|%] < ¢, B[[(N),]”] < ¢, E K/O £2 2 Ji < ds) ] <277 (e2 I edu _1)

p

When ¢; =
E[| Ny [*7]

m where n > 0 and € > 0, we can explicitly compute the upper-bound on

(eszf elds 71)1) = (e%(l_(tﬂ)fzn) —1)p — (e% fl)p.

2\ P

&2 p
Usually, €2 < 1 and therefore (eT —1) ~ (%) . Hence, with a very high probability, N

L(b)t— [ e2d

remains tiny, and then for large ¢, ji; oscillates as e " [ip, which is non random.

4 Numerical simulations

In this section, we illustrate the theoretical results of Section 3 for different values of o and
functions (e¢); with different decaying rates. To discretize the Stratonovich model (5), we would
rather consider its Itd form given by (6), on which we use an Euler scheme with time step At. The
Euler scheme has the advantage of being fully explicit and therefore can be easily implemented.
We could have straightaway discretized the Stratonovich form (5), but the discretization of the
Stratonovich integral must be performed using a semi-implicit scheme, which requires the use of
a numerical solver at each iteration. In our case, the use of a semi-implicit scheme would have
preserved the norm of the discretized process, which is not guarantied by an explicit scheme.
However, using the Euler scheme on the It6 form did not raise any numerical difficulty.

Some of the graphs below have required to compute expectations, which were approximated using
a Monte Carlo method with 500 samples. This may seem few samples but it proved to be enough
as the quantities involved have very little variance especially when focusing on the behaviour for
large times.

4.1 The case o >0

Figure 2 shows the convergence of fi; for ¢, satisfying fooo e2dt < oo when jig is chosen such that
—1 < fig - b < 0. The blue curve of Figure 2(a) corresponds to the component of fi; along the
direction of b. We can see that the a.s. convergence of fi; to b/ |b| is very smooth and fast. We
recover in Figure 2(b) the L? rate of Proposition 3. In particular, we notice that the transition
phase is quite short as for ¢ = 10 we already observe the numerical convergence. Figure 2(c)
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illustrates for the same parameters the a.s. convergence rate result (see Proposition 4) for two
values of 77. Non surprisingly, the larger 7, the smoother the convergence.

When the magnitude of the noise decays slowly, the convergence should be less smooth as suggested
by Proposition 3, which corresponds to what we can see on Figure 3. Closely looking at Figures 2(a)
and 3(a), we notice that the component of fi along b converges faster that the two others. Let
(€1, €2, e3) be an orthonormal basis of R? such that b = |b] e;. Then, from what we explained after
Proposition 3, we have

2
b
= (1 T 'Mt) + (fie - e2)” + (i - e3)”

(1—fig-e1) = (e - €2)® + (e - e3)”.

b
|b| Mt

From this last equation, it is clear that there is a power 2 difference between the rates of convergence
of fi; - b and of the two other components, which fully matches our numerical observations.

From the theoretical results of Section 3, it is clear that the noise term has a stabilizing effect
on the system and is in particular responsible for escaping from —b, which is an unstable critical
point of the deterministic system. Figure 4 confirms that the stabilizing effect exists even when the
magnitude of the noise decays very fast — (g;); belongs to L*([0,00)) — and jig = —b/ |b|, which
is the worst case scenario. After a very short transition period during which f circles around on
the sphere while heading to b/ |b|, the process stabilizes around its limit and remains impressively
smooth.

4.2 The case a =0

As emphasized by the theoretical results, the behaviour of the process (fi;); depends very much
on the value of &. When o = 0 and there is no noise, fi; evolves on a circle with constant latitude.
Actually, we recover a very similar behaviour in Figure 5 when the noise magnitude decays quickly
— fooo erdt < co. Clearly, i1 heads to a constant latitude level and keeps turning on this parallel
circle but unlike what happens in the deterministic case, the latitude is not exactly determined
by fig - b but is slightly randomly shifted as seen in Proposition 6. Closely looking at Figure 5,
we can see that the amplitude of the oscillations tends to increase a little with time, which is a
consequence of the discretized process not having a constant norm. This could be circumvented
by considering a smaller discretization step At.

When the noise decreases slowly, ie. fooo e2dt = oo, its effect remains over time and prevents any
almost sure limiting behaviour to appear. The process (fi;) keeps wandering around on the sphere
and we see from Figure 6 that E[a:] — 0.

5 Conclusion

In this work, we have discussed issues on the stochastic modelling of a ferromagnetic nanoparticle.
Among the different approaches, the Stratonovich approach with a decaying noise magnitude
showed up as the most natural one. We investigated the long time behaviour of the model and
proved its convergence to the unique stable equilibrium of the deterministic system when « > 0.
When a = 0, the evolution of the system depends on the magnitude of the noise; when a limiting
behaviour appears, the process keeps revolving on a parallel ring. All these theoretical results have
been illustrated by numerical simulations, which help better understanding how thermal effects
can be modelled in micromagnetism.
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Figure 2: Convergence of (fiz); for = 2, At =2 x 1072 and g; = 0.1/(¢ + 1).
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A Some technical lemmas

Lemma 7. Let F be a C1(R,) function tending to infinity. Assume
e That there exists some tg, such that for all t > to, F(t) > 0 and F'(t) > 0.
[ ] hmt_,oo F/(t) =a>0

Then for any function g satisfying lim;_,, g(t) = £, we have

¢ 14
lim e_F(t)/ eFW g(u) = =
0

t—o0 a

Proof. As F tends to infinity, it is clear that the integral over [0, o] does not count into the final
result. Considering the integral from ¢g to infinity is enough.

F defines a C! diffeomorphism from (tp,00) on (F(ty),o0). Hence, we can set the change of
variable v = F'(u) and write

e_F(t) /t eF(u) g(u) _ e—F(t) /F(t) evg(F_l(’UD;dv'
to F(to) Fro Fﬁl(U)

F~1 tends to infinity, hence lim, o g(F’l(v))m = L. Then, the result easily follows. W
Lemma 8. Let F' be a C'(R) function tending to infinity. Assume

e there exists some tg, such that for all t > to, F(t) >0 and F'(t) > 0.

o limy ., F'(t) =a > 0.

Then for any function g, we have

t
1
lim inf e~ ¥'(®) / g(u)ef ™ dy > = liminf g(t).
0

t—+o00 a t——+oo

Proof. We define £ = ltir_rgnf g(t). Let n > 0, there exists T > 0, such that for allt > T, g(t) > £—n.

t T t
e_F(t)/ g(u) et ™ du = e_F(t)/ g(u) e dy + e_F(t)/ g(u) e dy
0 0 T

T ¢
> e*F(t*)/ g(u) e ™ du + e*F(t)/ (0 —n) el ™ qu.
0 T

By applying Lemma 7, we get

t
(—
lim inf e*F(t)/ g(u) " dy > n
t— oo 0 a
As the inequality holds for all 7, the result easily follows. |
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