MATHEMATICS OF COMPUTATION

Volume 77, Number 262, April 2008, Pages 773-788
S 0025-5718(07)02079-0

Article electronically published on October 29, 2007

NUMERICAL ANALYSIS OF
AN EXPLICIT APPROXIMATION SCHEME
FOR THE LANDAU-LIFSHITZ-GILBERT EQUATION

SOREN BARTELS, JOY KO, AND ANDREAS PROHL

ABSTRACT. The Landau-Lifshitz-Gilbert equation describes magnetic behav-
ior in ferromagnetic materials. Construction of numerical strategies to ap-
proximate weak solutions for this equation is made difficult by its top order
nonlinearity and nonconvex constraint. In this paper, we discuss necessary
scaling of numerical parameters and provide a refined convergence result for
the scheme first proposed by Alouges and Jaisson (2006). As an application,
we numerically study discrete finite time blowup in two dimensions.

1. INTRODUCTION

The Landau-Lifshitz-Gilbert equation (LLG) records the exchange interaction
between magnetic moments in a magnetic spin system on a square lattice. In this
setting, the energy is given by the Hamiltonian

H=-KY Sij {Sit1;+Sijn},
%,
where S, ; is the spin vector of unit length at site (¢, ) and K is a positive exchange
constant. The dynamics of this system is given by the nearest neighbor interaction:

Si;=—KS;; x (Sit1;+Si—1; +Sij+1 +Sij-1)-
Assigning S; ; = u(ih, jh,t) for u : R? x R — S? we have
Ou = Kh*u x Au+ O(R?).

We adopt a standard usage of K to be inversely proportional to the square of h
and arrive at the continuum limit (Heisenberg equation)

(1.1) Oyu = u X Au

with an associated energy given by the Dirichlet energy functional. To incorporate
the Gilbert damping law, whose origin lies in the observation that such systems
reach equilibrium and must have decreasing energy over time, a dissipative term
can be added on, resulting in the LLG equation:

(1.2) O =u X Au— Au X (u X Au), A>0.
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In this version of the LLG equation, Au is a simple approximation of an effictive
field which is in more general models replaced by Heg(u) = —V 2 ELL(u), where
ELL is the Landau-Lifshitz energy of micromagnetics; cf., e.g., [11].

The Cauchy problem for LLG with natural boundary conditions, then, is the
problem of finding u, given initial data ug : @ C R® — S2 satisfying

Ou=uxAu—ux (uxAu) on £,
(1.3) gu =0 on 09,

u(z,0) = up(x).
We will refer to the first term as the gyroscopic term and the second as the damping
term. When only the damping term is present, this equation is the harmonic map
heat flow problem. There are several standard forms of (I.Z) which are equivalent
for smooth solutions and which we will make use of in this paper. The first results
from the vector identity —& x (v X &) = —v+ (v, £)&, which holds for £ a unit vector.
From this, (I2)) can be rewritten as

(1.4) O = u x Au + AMAu + |Vul?u).

From ([2) and (T4), we can derive the following two additional formulations:
(1.5) Opu+ M x dpu = (14 A)u x Au,

(1.6) Nosu —u x Opu = (1 + N?)(Au + |Vul*u).

Global weak solutions, even partially regular ones, have been shown to exist for
LLG in two and three dimensions given initial data with finite Dirichlet energy.
Amongst these is the work of Alouges and Soyeur [2] who have made use of the
definition of a weak solution naturally arising from ([LH]) to show that energy bounds
are sufficient for the existence of such a weak solution in three dimensions. Guo and
Hong [8] successfully carried through the argument that Struwe in [I5] employed for
the harmonic map heat flow to exhibit a Struwe solution in two dimensions, i.e., a
partially regular solution that satisfies an energy inequality and is smooth away from
a finite set of point singularities. Recently, Ko [I0] in two dimensions and Melcher
[12] in three dimensions independently constructed partially regular solutions to
LLG smooth away from a locally finite n-dimensional parabolic Hausdorff measure
set. While it is known that weak solutions are nonunique in general [2], uniqueness
or nonuniqueness in the class of partially regular solutions is, however, still an
open question. For the harmonic map heat flow, there exist nonunique solutions
due to the appearance of singularities [5]. While this related question of singularity
formation, i.e., whether singularities develop from smooth initial data in finite time,
has been demonstrated for the harmonic map heat flow, no such initial data has
been produced for LLG. An inquiry into this problem is a natural start to the
problem of nonuniqueness as well as the broader issues regarding the validity of the
model and selection criteria for “correct” solutions.

Very little is known about singularities and blow-up dynamics for LLG; cf. [9] for
partial results. As long as |Vu| L is bounded, the solution remains regular for all
time, so singularities in this case are indicated by loss of control on ||[Vu| pe. The
presence of the gyroscopic term precludes the successful application of standard
analytical arguments to show blowup of solutions such as convexity arguments,
scaling arguments, and constructions of explicit solutions. The breakdown of these
methods and the subsequent need to understand the contribution of the gyroscopic
term have inspired recent efforts for singularity formation in the limiting case A = 0.
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Shatah and Zeng [14] have produced weak-L? initial data which are locally smooth
that develop a singularity in finite time. However, these initial data fail to be of
finite energy. The work [9] demonstrates orbital stability about the known explicit
harmonic maps in the equivariant setting which are equilibrium solutions to LLG.
However, there is no guarantee that blowup occurs, much less that it occurs in finite
time.

Proper numerical treatment of LLG is made difficult by the fact that the non-
linearity occurs in the highest order derivative and the nonconvexity requirement
|u| = 1. Explicit time integrators of high order coupled with occasional updates
to ensure |u| = 1 are the most common strategies in the engineering literature but
suffer from nonreliable dynamics. On the other hand, implicit strategies to dis-
cretize LLG in time often introduce artificial damping which prevents computed
iterates from remaining on the sphere, and which also precludes a (discrete) energy
law. Recent remedies have been made, partially addressing the dual requirements
of efficiency and reliability: (i) projection methods have been constructed [6] [7], [16],
independently dealing with the nonconvex algebraic constraint; however, no (dis-
crete) energy principle is available, and convergence to LLG is only known in the
case of existing strong solutions to LLG; (ii) explicit/implicit discretizations of
Ginzburg-Landau penalizations that involve an additional parameter ¢ > 0 are
used, which allow for a discrete energy principle, possibly for restricted choices
of spatio-temporal discretization parameters. We refer to [II] for a more detailed
discussion in this direction. Alouges and Jaisson [I] propose a finite element plus
projection scheme, which is shown to converge if successively the time-step size
and the mesh size tend to zero. The scheme is well suited for our study of weak
solutions, and we are able to extend their results by supplying sufficient conditions
for involved parameters yielding convergence. Moreover, we propose a modification
to increase its efficiency. This yields a practical, stable and convergent numerical
scheme which holds for arbitrarily small A.

Such a reliable scheme is prerequisite to any study of qualitative properties of
weak solutions. One problem (open for any choice of \) is the question of whether
blowup occurs for smooth initial data. Very little is known for this question. Aslong
as ||Vu| L is bounded, the solution remains regular for all time, so singularities in
this case are indicated by loss of control on ||Vu| L. The presence of the gyroscopic
term precludes a traditional application of analytical arguments to show blowup
of solutions such as convexity arguments, scaling arguments, and constructions of
explicit solutions. To our knowledge only the work of Pistella and Valente [13]
has made an attempt to seek blowup solutions numerically, using a stable scheme
with a fourth order regularizing term, whose convergence behavior is not known
so far. Their study is heavily motivated by the work of Chang, Ding and Ye [4]
on the blowup of the harmonic map heat flow. They specify equivariant data of
degree greater than one, which is known to blow up for the harmonic map heat flow
with fixed boundary data. Introducing a parameter [ in front of the gyroscopic
term in (Z), they fix A = 1 and steadily increase the value of 8 and notice that
for B ~ 1074, blowup still occurs. However, they observe that the singularity
disappears for large (3, which suggests “the regularizing effect of the parameter (7.
We believe that their conclusion that the gyroscopic term has a damping effect
is a statement that is valid only for the specific initial data they choose. Their
study is designed to treat the LLG as a perturbation of the harmonic map heat
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flow and hence gives little insight into the more interesting question concerning
the manner in which the gyroscopic term contributes to blowup. In this paper, we
report on our numerical findings of singularity formation for LLG in two dimensions,
with particular emphasis on the regime of small \. We introduce a class of initial
data, which is seen in our experiments to generate discrete blowup under Dirichlet
boundary conditions.

2. APPROXIMATION SCHEME AND MAIN RESULT

In this section we describe the approximation scheme and state the main result
of this paper.

2.1. Preliminaries. Given a regular triangulation 7 of the polygonal or polyhe-
dral domain © C R"™ into triangles or tetrahedra for n = 2 or n = 3, respectively,
we let h:= max{diam(K) : K € T} be the maximal mesh size of 7. The set of
nodes in 7 is denoted by A, and the function space S'(7) C WH2() consists
of all continuous, 7-elementwise affine functions. For each z € N the function
¢, € SI(T) satisfies ¢.(z) =1 and ¢, (y) = 0 for all y € A"\ {z}. Throughout this
paper we set (v;w) = [,v-w dz for v,w € L*(). We write H'(A) instead of
HY'(A;RY) for £ =1,3.

2.2. Approximation scheme. We follow ideas of Alouges and Jaisson in [I] to
derive an approximation scheme for the Landau-Lifshitz-Gilbert equation. Test-
ing (LH) with a function ¢ and using (u x dyu) - (u X ¢) = dpu- ¢ (owing to |u| = 1),
(uX o) ¢ =—0wu-(uxae),and (uxX Au) - p = —Au- (u X ¢) we infer

(u x Opusu X @) — MOy u x @) = —(1 + X2)(Ausu x ¢).
We replace w = u x ¢ and integrate by parts to verify
AMOpu;w) — (u x dyuyw) = —(1 4+ X?)(Vu; V).

The fact that w-u = 0 and u; - © = 0 almost everywhere in {2 motivates an explicit
numerical scheme in which an approximation v, of u; is computed in each time
step. The updated approximation uy, + kv, of u is then projected in order to satisfy
the constraint |u| = 1 in an appropriate way.

Algorithm (A). Input: a time-step size k > 0, a positive integer J, a regular
triangulation T of 2, and uglo) € SY(T)? such that \ugo)(z)| =1 forall ze N.

(a) Setj:=0. .
(b) Compute U}(Lﬁ_l) € LU := {wy, € SY(T)? : wi(2) ug)(z) =0 for all z € N'}
such that

)\(v,(LjH);wh) — (ugj) X v,(LjJrl);wh) =—(1+ AQ)(VUEE); th) for all wy, € L,
(c) Set

u(j“‘l)-— u;lj)(z) —|—k:v}(Lj+1)(z)

h - Z j j+1
Sl (2) + ko ()]

Pz

and j:= 7+ 1.
(d) Stop if j = J; go to (b) otherwise.
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Remarks 2.1. (i) The variational formulation in (b) can be recast as a(v}(f ., wp) +
b(v}(f Jr1);wh) = {(wp) with a continuous, elliptic, symmetric bilinear form a on
LU x LU a continuous, skew-symmetric bilinear form b on L) x L) and a
continuous linear form ¢ on LU). By the Lax-Milgram theorem there exists a
unique solution vgjﬂ) € LU) in (b).
(ii) Suppose that |u§lj)(z)| = 1 for some j > 0 and all z € N. Since uéj)(z) .
U}(Ljﬂ)(z) =0 for all z € N, it follows that \uﬁf)(z) + kv,(lj+1)(z)| >1forall ze N
so that (c) in Algorithm (A) is well defined and |u§1j+1)(z)| =1 forall z € N.

2.3. Approximation result. Convergence for the above scheme to a solution of
the Landau-Lifshitz-Gilbert equation has been proved in [I] if & — 0 and sub-
sequently h — (0. Here, we present a refined convergence result. The following
definition is due to [2].

Definition 2.1. Given uy € H'(Q) such that |up| = 1 almost everywhere in €,
a function u is called a weak solution of ([L3) if for all 7" > 0 we have that (i)
u€ HY((0,T)xQ), u(0,-) = ug in the sense of traces, (ii) |u| = 1 almost everywhere
n (0,7) x €, (iii) for almost all 77 € (0,T") we have

A / 9 1/ "2 1 / 9
T Opu|* de dt + = Vu(TH|*dx < = Vugl* dx,
1+A2 (OﬁT/)XQ‘ t | 2 Q| ( )| 2 Ql |

and (iv) for all ¢ € C*°(Qp) with Qp = (0,T") x Q, we have

/ Opu - pdadt + A (ux Opu) - pdadt = —(1+ A\?) Vu-V(ux ¢)dadt.

Qr Qrp Qr

Theorem A. Given 0 <t <T < Jk such that t € [jk, (j + 1)k] for some 0 < j <
J—1andx €Q let

t— ik J+Dk—1t

IRy gy 4 UEDRZ 0y

Let ug € HY(Q) and suppose uElO) — ug in HY(Q) for h — 0. If T is quasi-uniform
and (k,h) — 0 such that kh='="/2 — 0, then there exists a subsequence of (ﬁhk)
that weakly converges in HY((0,T) x Q) to a weak solution of (L3).

ﬂh)k(t, I) =

We refer to Section [B] for a proof of Theorem A and to Lemma and The-
orem [3.I] for more precise statements, in particular, a priori bounds with explicit
dependence on the possibly small parameter \; tracing this parameter is motivated
from [2 Prop. 5.1], where solutions to the Cauchy problem (I.II) are constructed as
certain limits of weak solutions uy (A — 0) to (3. Throughout Section [3 we use
several ideas from [I]. Section [ discusses a modification of Algorithm (A) which
leads to simpler linear systems in (b) but still allows for weak subconvergence to a
solution.

3. PROOF OF THEOREM A

Throughout this section we assume that 7 is quasi-uniform and make repeated
use of the following inverse estimates: There exists an h-independent constant
co > 0 such that for all 1 < p < oo and ¢, € SY(T),

(3.1)  [IVonllLeo) < coh Mlonllre) and [|8nllzs) < coh™™*||onllr2(o)-
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We let Z;, denote the nodal interpolation operator on 7. Given a sequence (a(j )
j=0,1,...,J) we set dpaU*D := k=1(aUtD) — aW)) for j = 0,1,...,J — 1. We
abbreviate p:= 1+ \2.

Lemma 3.1. For each j = 0,1,2,...,J, let r(]H) = k(d u(ﬁl) ;LjH)),
There exists an (h,k, A, u, j)-independent constant c1 > 0 such that for all j =
0,1,2,...,J -1,

i+1 - ]

167Vl 2y < colu/ V™IV 2(e,
- j+1

I a0y < exk®llof 12y,
i1 —_ j+1

||7“;(L]Jr )||L2(Q) < c1k*h n/2‘|vf(tj+ )H%Z(Q)’

j+1 “n j+1 j+1
w12y < (1+ kB~ 2[00 L2 @) 110 )| 20

Proof. Choosing wy, = v}(f+ ) in (b) of Algorithm (A) and using (3] yields

A j+1 j j+1 - j j+1
2o VN2 ) <V Nz @IV TV 2y < coh ™ IVu? |2y 1o 220y

For all z € N/, we have
@) = 1) ) () = ke (2)
uzj)( ) + k’u(J+1)(Z)
ui? (2) + ko T (2)]
=1 [u () + koD (2)]].

— (u(2) + kvfﬁ'“)(z))‘

Since uf) (2)- v (2) = 0 we find 1 < [ul?) () + koD (2)] = /1 + R[0T ()P
<14 2K |vy U+1) (2)]? and hence

. 1 .
@) < R )P

for all z € N. Since there exists ¢ > 0 such that for all 1 < p < oo and all
¢h S SI(T)v

071H¢h||LP(Q) < h™ Z |¢h |p < C||¢h”Lp(Q

zEN

we verify the second assertion of the lemma and
j+1 i+1) n j+1
[z < ko] VlEsc) < kh"[0 V]2 q).
where we used (BI). We then verify
j+1 j+1 _ j+1
ey ™z < oy 2@ + 6 Irg ez
< (14 k™o Lo o} 220y,

which finishes the proof of the lemma. O
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Lemma 3.2. For all 0 < J' < J we have

+1)
(Hr)kzndtw Moy + 5I1Vus 2y

J'—1
+1 J’ (0
1—r1k2\|v“ N3a@) + SIVu 20 < SIVUL (20,

where Ty := c§(c1 + (1 + O()) Y(u/A)kh™2 and T'y := coct (/N kh=1="/2Cy for
Co:= ||Vu,(10)||L2(Q), and provided that T'y < 1 and cocq (pu/N)kh=1—"/2 < 1.

The inductive argument used in the subsequent proof is borrowed from [3].

Proof. We choose wy, = v}{*” in (b) of Algorithm (A) and use U(J+ ) — dtung) _
k’lrﬁbjﬂ) and u(j) = (j+1) — kd, u(j+1) to verify

)\||vhj+1)||L2(Q —u(VuEf),thu J+1) )+ pk~ (Vuh ,Vr(ﬁl))
= —pu(Vud ™ V) + ﬂk|‘vdtu§bj+1)||L2(Q)
+ uki_l(Vugj); Vr,(LjH)).
The identity
~u(Vu T Vi V) = =V e ) — GddlIVa Tl

implies

1 o 1 1% j j+1 uk j+1
Mo e + Gl V™ 1za) = 3 (Vs Vi ™) + S5V ™V 2 -

Holder’s inequality, (B, Huhj )|| (@) < 1, and the second assertion of Lemma B.1]
lead to

(G+1 H +1
Ao 113 ) + Gail Vi o)
(3.2) < 2R lrf ) + Sh2ukl a2
< cherpkh ™[0 13 o) + Gkl V[ )

Suppose that ||Vu HLz @) < Co (which holds for j = 0 and Cp = HVuh lL2())-
Since 1k < ¢y '(A\/p)h' /2, the first assertion of Lemma B yields

(3.3) erkh ™20 ™V |12y < e ORI 1120y < Co.
A combination of this bound with the fourth estimate of LemmaBJland ([8.2]) shows
1) I 1 1
Al Ve + Gl IV lia) < enukh [0} 30

(3.4)
1 1
+ 2ukh~3(1 +co) o V)20 0q) = AT1[Jof V] 220)-

Since T'; < 1 this implies ||V ™|/ 2y < Co. Therefore, [B4) holds for all
j=0,1,2,...,J — 1 and multiplication of [34]) with k¥ and summation over j =
0,1,2,...,J — 1 prove
J'—1 1
(G+1) 0
A1 -Ty kz o1y + SV a0y < SV 2oy



780 SOREN BARTELS, JOY KO, AND ANDREAS PROHL

We combine the fourth estimate of Lemma Bl and B3]) to verify

[ldeu? ™| 1200y < (L cocr (/N)kR2C0) [0V 120y = A+ T2) o T L2 ().
A combination of the last two estimates proves the lemma. Il
Definition 3.1. For x € Q and ¢ € [jk, (j + 1)k), 0 < j < J — 1, define

t—jk (G+Dk—t ¢
Tugzj+1)($) + Tugj)(x)

w (b 2):= ) (@), ol (o) =0 V(@) ()= ).
Lemma 3.3. Suppose that T'y < 1/2, assume that T € [0, Jk], and define Qr :=
(0,T) x Q. For all wy, € L?(0,T; H*(;R3)) such that wy(t,-) € SY(T)? for almost
all t € (0,T) and wy(t,2) - u, (t,2) = 0 for all z € N and almost all t € (0,T) it
follows that

ﬁh,k(t7 1‘) =

)

A 8tﬁh7k-whdxdt—/ (u; , % Oritn ) ~whdxdt+,u/
QT QT '

Vg Vo, do di]
Qr '

T 1/2
< Co(u/)\)l/ZA(/O ||wh|\i2(9) dt)

where A:= coc;Co(1 4 N)(p/N)kh=1—1/2,
Proof. Replacing v,';k = Oylip i — kilr;k in (b) of Algorithm (A) we find for almost
all t € (0,T) that

LHS(t):= A(@ﬂlh)k;wh) — ((u,:,C X Oylip )3 wh) + M(Vu;’k; th)

1
= ()\rf;k — (u;k X r,tk);wh) =: RHS(t).

Holder’s inequalities, the estimates of Lemma Bl and B3] prove for almost all
t € (jk, (j + 1)k) that

KRHS()] < Alr9 ™ ooy llwall 2 ) + 11681 e o 11 TV 2y lwn |20
< A+ Derk? 2|0 V125 o) llwnl 220y
< (A + Deocr (/N Cok* 2|0l Loy llwn | 12() -

An integration over (0,7) shows

‘/ LHS(t dt‘ /IRHS )IdtSA(/Tllelez ) (/Tllwhli2<ﬂ>)1/2
<

and the bound fo vy 11132 2y dt < kz ||v(J+1)\|L2(Q) (u/A)CZ of Lemma B2
finishes the proof. i

Theorem 3.1. Suppose that (k,h) — 0 such that kh='~"/? — 0 and uElO) —
ug in HY(Q). Given any T € [0,Jk] and Qr := (0,T) x Q there exists u €
HY0,T; L*(Q)) N L>(0,T; H(Q)) such that (after extraction of a subsequence)
tpr — w in HY(Qr). It follows that |u(t,z)] = 1 for almost all (t,x) € Qr,
u(0,+) = ug in the sense of traces,

35 A \8tu\2dxdt—|—ﬁ/ (e, T2 dz < ﬁ/ V()| da
(0,T")xQ 2 Ja 2 Jo
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for almost all T" € (0,T), and for all ¢ € C*°(Qr) we have

(3.6) Opu - ¢dx dt + )\/

(u x Q) - pdadt = f,u/ Vu - V(ux ¢)dxdt.
QT QT

Qr
Proof. Lemma [3.2] and the estimate [[in 1 — uj, 1 ||L2(2) < kl[Oin k|12 (o) yield the
existence of some u € H'(Q7) such that, after extraction of a subsequence,
gy —u in H'(Qr), up e —u in L?(Qp),
n e U, =" u i L(0,T; HY(Q)).

Notice that |uj, ;. (2,t)| =1 for all z € N and almost all ¢ € (0,7). Hence, for all
KeT,

eareel® = Ul 2 aey < hll Vil il* = 1l o e

= chl[2(Vuy, 1 )uy lle2 () < 2¢h]|Vuy, e ()
This implies that |u, | — 1 in L?(Qr) and hence |u(x,t)] = 1 for almost all
(z,t) € Qp. Continuity of the trace operator and 4y, 1 (0,-) — ug in H(2) imply
u(0,-) = up in © in the sense of traces. Passing to the limits in the estimate of
Lemma[3.2lwe verify ([B.5). Given ¢ € C*°(Qr) let w:= ux¢ and wp:= Ip(uy, , X ¢).
An application of the triangle inequality shows
llwn — wllzz@) < |[Zn(up g X @) — uy e X Ollr2(0) + |y 1 X & — u X @[12(0)
< ch|[V(u, 1 % d)l2) + [|9l[L@)lluy, . — ullr2(@)
and proves that wy, — w in L?(Q7). Since Oy — dyu in L2(Qr) we verify that
(3.7) / Otip, 1 - wp, dz dt — Osu - w dx dt.
QT QT

The bound |u), ;| <1 almost everywhere in Qr yields

/ (u,:k X atﬂh’k) ~wp, dzdt = / (u};_k X atah,k) (wp, —w) dedt
(3.8) or or

—|—/ (u};k X atah,k) cwdxdt — (u X atu) -wdx dt.
Qr Qr

It follows that

Vuy, ;. - Vwp dedt = Vuy, - VIk(uy . % ¢)dedt
Qr ’ Qr ’ ’

:/ Vg, g V(Zn(uy, g X @) = g, X ¢) dzdt
Qr
+ Vauy, - V(u, ), X ¢) dzdt.

Notice that u;, , is T-elementwise affine and ¢ € C5°(Q2r) so that for each K € 7
we have

IV (Za (g % @) — i x )l 2qae) < ehlID (i, x )|z

(3.9) ' -
< hl|llwa e ) (VU il 22y + 1)
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and hence that V (Zy(uy, , X ¢) —u, , X ) =0 in L?(Qr). We use Vuy, -V (u;, ,x9)
=Vu, .- (u;k x V¢) and Vu - (u x V¢) = Vu - V(u X ¢) to verify

Vg - Viug p x ¢)dedt = [ Vg - (uy , x Vo) dzdt
Qr Qr

— Vu- (ux Ve)drdt = Vu-V(ux ¢)dxdt.
QT QT

A combination of the previous assertions shows

(3.10) Vuy, ) - Vwp, dzdt — Vu - Vwdzdt.
QT QT

Since w, — w in L*(Qr) we obtain a uniform bound for fOT HwhH%Z(Q) dt. Us-
ing (B7)-(BI0) to pass to the limits in the estimate of Lemma [B3] we verify that

A 8tu~(u><¢)da:dt7/ (ux o) - (ux¢)dedt = —p Vu-V(ux¢)dedt.
Qr Qr Qr

Therefore, diu - (u X ¢) = —(u X Gu) - ¢ and (u x dpu) - (u X ¢) = dpu - ¢ (since
|u| = 1), which implies (B.0) and finishes the proof of the theorem. d

4. INCREASED EFFICIENCY THROUGH REDUCED INTEGRATION

In order to increase the efficiency of our approximation scheme we employ re-
duced integration, i.e., we use a modified Algorithm (A’), which is obtained by
replacing (b) in Algorithm (A) by the following:

(b’) Compute v}(LjH) € LU := {wy, € SYT)? : wy(2) ~u§lj)(z) =0 for all z € N'}
such that

AP wn), — (uf) x0T wy), = —(14A2) (Vay); V) for all wy, € L.

Here, given any 1, ¢ € C(Q; RY) we set (; w)h = [ Zn(n-1p) dz. Since H¢h||2L2(Q)
< (¢n; dn)n for all ¢, € S(T), Lemma B3Il and Lemma remain unchanged for
Algorithm (A’). A modified version of Lemma B3 holds. Using that

|(Betin s wh) — (B¢t s wa)n| < c2hl|O¢tin k]2 (o) [ Vwn || L2(0)

and

|(uf:,k X Olin g3 wn) — (U, j X Olin ;3 wh )|
= [(Btin 1 up, . X wp) — (Oplin ks uy, g X wh)n|
< | (B, k3 wpy g X wh) — (Byin,k; Tnlug, 4, X wh))]
+ |(Oriun i3 I [wp 1 ¥ wa]) = (Otin i3 Tnluy, 5, X W) |
< ch||Ovin k| L2 |[VIn[uy, j X walllr2(a)

< b0yt k| L2 (o) (|| Vwnl |22 @) + [lwall Lo (@) Vg gl 22 @)
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we verify with the bounds of Lemma B.2] that

’A atah,k-whdxdt—/ (i, 4 x@tﬁh,k)~whdxdt+u/ Vuj . - Vi, dz dt
Qr Q ' Qr '

T 1/2

1/2 T 2 /2
+eaCol1+ NN ([ 19wl )

+ CQCS(,U/)\)l/ZTl/zh‘ |U)hHLoo(QT)

for all wy, as in Lemma [333] The proof of Theorem [3I] then requires bounds for
fOT [|[Vw| |2L2(Q) dt and |[wp|| L (o) With wy, = T, (uy, ;, X ¢). The first bound can be

deduced from (3.9) and the second one follows immediately from ||u}, . ||re (0. = 1.

Remark 4.1. Reduced integration not only leads to simpler systems of equations
but also has a stabilising effect. Indeed, for Q C R and a uniform triangulation 7°
of  into intervals of length h it follows that
h2
(vnsvn), = H”h”%%g) + EHU;LH%F(Q)

for all v, € S*(7T)3. Then, the choice w;, = U,(Ljﬂ) in (b’) above yields to the
identity
j+1 j+1 j i+1
171 g+ 11052y = —n(Vis Vo ™),
which allows for slightly better estimates than the proof of Lemma However,

this does not seem to lead to a significantly improved estimate than the one given
in Lemma

5. EXPERIMENTS SEEKING BLOWUP

We report the results of our experiments on singularity formation of (L3 for
Q= (—1/2,1/2)2. Since we will work in the equivariant setting, a setting that has
been considered in work on singularity formation for the harmonic map heat flow
problem, e.g., [4, 5], we begin with some notation. Let («,r) denote domain polar
coordinates and (6, ¢) spherical coordinates on S?. A point (6, ¢) corresponds to
the point (cos 6 sin ¢, sin 0 sin ¢, cos ¢). An equivariant map is given by

(a,r) = (0,0(r)),

where 0 = la 4 0(r),1 € Z.

Our choice of initial data is influenced by strong evidence that static solutions
play a crucial role in singularity formation of LLG, as they do in the harmonic
map heat flow. From the formulation of LLG given in (6], we see that the static
solutions of LLG are exactly those of the harmonic map heat flow, namely, harmonic
maps that are solutions to

—Au = |Vu|?u.
There are plenty of nontrivial equivariant harmonic maps. A family of solutions
¢ : D — S? results from the observation that ¢(r) = 2tan~!r is a solution. By
scaling r — r/p, p > 0, the maps

$p(r) = 2tan™"(r/p)
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are also solutions. In the construction of the Struwe solution carried out in [§], as
a singular time is approached, energy concentration occurs and after appropriate
rescaling, a harmonic map separates. Using the energy bound

E(u) < E(ug)

and the observation that, for « harmonic and conformal,
1 2
E(u) = 3 |[Vu|* = Area of Image(u),
Q

an immediate consequence of the Struwe solution construction in the equivariant
setting is that if E[ug] < 4, no singularities can form. Recently [9] reports orbital
stability of LLG about harmonic maps before blowup. Even though the blowup time
has not analytically been shown to be finite, our candidate initial data supports
this picture that near the time of blowup, a harmonic map is approached.

The initial data ug is prescribed as follows:

-1
0=a, o(r) = { ifan pr): : § 1?; o) =

A(r) is chosen with the following properties:

(i) A(1/2) =0.
(ii) The energy density F(ug) = ¢2 472 sin ¢? has a decreasing profile, peaked
atr=0and 0 at r=1/2.

A function that satisfies these conditions is A = (1 — 2r)*/s, where increasing s
sharpens the concentration of the energy density about the origin. Elementary
calculations show that

uo(r) = (cos O sin ¢(r), sin § sin ¢(r), cos ¢(r))

is then given by
uo(r) = (2zA, 2yA, A% — %) /(A + r?).

Notice that ug(r) = (0,0, —1) for r > 1/2 so that for Q = (—1/2,1/2)?, this initial
data then wraps around the sphere once.

6. NUMERICAL EXPERIMENTS

In this section we report on the practical performance of Algorithms (A) and
(A’) in some numerical experiments and study finite time blowup of weak solutions.
Moreover, we investigate the dependence of numerical approximations upon the pa-
rameter A. The implementation of the algorithm was performed in MATLAB with
an assembly of the stiffness matrices in C. The constraints included in the subspace
LY were directly incorporated in the linear systems, which were solved using the
backslash operator in MATLAB. We remark that also the scheme defined by re-
duced integration in Section [l leads to linear systems of equations with nondiagonal
system matrices in each time step.
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Example 6.1. Let Q:= (—1/2,1/2)? and let ug : Q@ — R3 be defined by

(z):= (0,0,-1) for |z| > 1/2,
ug(x):= (2xA7A2 _ |x|2)/(A2 + ‘x|2) for [z] < 1/2,

where A := (1 — 2|x|)*/s for some s > 0. The triangulations 7, used in the
numerical simulations are defined through a positive integer £ and consist of 22¢+1
halved squares with edge length h:= 2~¢. Motivated by Lemma we use k =
(11/\)h5/2/10 (unless otherwise stated), where the additional power h'/? guarantees
that kh=2, kh~'="/2 — 0 (for n = 2). As discrete initial data we employed the
nodal interpolant of ug, i.e., we set uéo) = Z7,up in all experiments.

We ran Algorithm (A’) in Example with s =1,/ =4, and A = 1. Figure[ll
shows snapshots of the numerical solution for various times; displayed are the or-
thogonal projection of the vector field @y, k(¢ -) onto the plane {(z,y,0) : z,y € R}.
We observe that for ¢t ~ 0.0586 the vector 4y x(¢,0) changes its direction from
(1,0,0) to —(1,0,0). Figure 2l magnifies this change of direction.

05 05 0BL  « oo e
04 04 04
03 Cied 05 0 08 Saralliiin
02 N 02 1o 02 DN T
o1 NNt o1 Lz 01 AN
0 —_——- - 0 - 0 o
01 BN, 01 . D SIITO 4V IESIIIN
0.2 EAVEERR 0.2 o~ -~ - 02 - - - 72VER SRNENENENN
03 03 R s TTIITIOEYYYY
0.4 04 ot :
0.5 0.5 oLl 0.5
05-04-03-0.2-0.1 0 0.1 0.2 0.3 0.4 05 05-04-0302-01 0 010203 04 05 0.5 04-03-02-01 0 01 02 0.3 0.4 05
0.5 051 vy
0.4 [ o
0.3 03] - -
0.2 02] oz
0.1 [ - -
0 of - - -
0.1 01t .
0.2 02} - -
0.3 03 Z N
04 04t -
0.5 050 -
20504030200 0 01 0203 04 05
050 S S s s s sy v s 05
1 NN I I . o1
03f ~ - 03
02t - z 02
(ST . 01
ol - 0
01 - 0.1
02l - - 02
03 0 03
R A ENENENENIN NN 04
B NN NN NN 05
05-04-03-02-01 0 01 02 03 04 05 05-04-03-02-01 0 01 02 0.3 04 0.5 05-04-03-0.2-0.1 0 01 0.2 03 04 05

FIGURE 1. Numerical approximation i (t,-) in Example G.1]
with s = 1, £ = 4, and A = 1 for ¢ = 0,0.0098,
0.0195, 0.0293, 0.0391, 0.0488, 0.0586, 0.0684, 0.0781.
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0 om = 0.
0.07 %
’ 01 (750-15

FIGURE 2. Nodal values 4y, 1 (t, z) for nodes z € N close to the
origin in Example with s = 1, £ = 4, and A = 1 for t =
0.0098, 0.0488, 0.0684.

6.1. Instability of the numerical scheme for k¥ = O(h?) and stabilizing
effect of reduced integration. Our first numerical experiment reveals that the
relation & ~ h? is not sufficient to guarantee stability and convergence of our
approximation scheme. We ran Algorithms (A) and (A’) in Example with
A =1, s =1 and using the triangulations 7, for £ = 4,5. For both Algorithms we
tried the time step sizes k; = (p/A\)h/2/10 and ky = (p/A)h?/10. Figure Bl displays
the energy

E(ﬁ,hk / |Vuhk | d$

as a function of time in the interval (0,1). The energy is not decreasing for ko
in Algorithm (A) which indicates 1nstab1hty of Algorithm (A) if the time-step size
violates the conditions of Lemmal[3.2l The results also show that reduced integration
stabilizes the scheme as no instability is observable when Algorithm (A’) is used
with the large time-step size k3. We remark that reduced integration significantly
increased the efficiency of our scheme, e.g., in the above experiments the CPU time
for Algorithm (A’) was about 10% of that of Algorithm (A).

350 -

N
PP

« E[ Unk ()]  (reduced integration, k-~ h2S h= 1/16)
o E Unk ()]  (reduced integration, k-~ h2 h=1/16)
250 L H Unk ()]  (reduced integration, k~ h2® h= 1/32)
o E[ Unk ()]  (reduced integration, k-~ h2, h=1/32)
A El Uy (1)1  (exact integration, k~h?% h=11 6)
v E[ Uy ()1  (exact integration, k~ h2 h=1/16)
200~ p E[ uh:k ()] (exact integration, k~h?5 h=1/32)
N E[ uh,k ()]  (exact integration, k~ h2, h=1/32)

100 -

e I =D I R D T R
et

AL A KA LA K S e i S0 AT A
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
t

FIGURE 3. Energy for different discretization parameters in Algo-
rithms (A) (exact integration) and (A’) (reduced integration).
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6.2. Breakdown of blowup for higher resolution and comparison to Dir-
ichlet boundary conditions. For fixed A = 1 and s = 1 we tried £ = 4,5,6 in
Example [61] and in Figure @ we displayed the energy E(ip x(t)) and the W1
semi-norm ||V, x(t)|| 1 (o) as functions of ¢ for t € (0,6/100) for £ = 4,5,6.
For each ¢ = 4,5, ||V 5 (t)|| = (q) assumes the maximum value 2v/2h~! (among
functions v, € 8*(7;)? with |v,(2)| = 1 for all 2 € N). Surprisingly, this is not
the case for £ = 6, indicating a breakdown of the (discrete) finite-time blowup for
sufficiently high resolutions. For Dirichlet boundary conditions, (discrete) finite-
time blowup still occurs for £ = 6. We remark that our algorithm and analysis can
be used for time-independent Dirchlet boundary conditions by choosing the initial

uglo) appropriately and employing

LU = {wy, € SYT)? : wp(2) ug)(z) =0 for all z € N, wy|oq = 0}.

180

| (h=1/16, Neumann bc)
| (h=1/32, Neumann bc)
| (h=1/64, Neumann bc)
140 ‘1,& (h=1/16, Dirichlet bc)
| (h=1/32, Dirichlet bc)
I (

v AJd + O x
i
=

h=1/64, Dirichlet bc)

120

FIGURE 4. W1 semi-norm for decreasing mesh sizes in Exam-
ple 61 with A = 1 and s = 1 for Neumann and Dirichlet type
boundary conditions.
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