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A CONVERGENT NUMERICAL
APPROXIMATION FOR THE COUPLED
MAXWELL-LANDAU-LIFSHITZ-GILBERT
EQUATIONS WITH INERTIA EFFECTS*

Raymond Kitengeso''! and Zhoushun Zheng!

Abstract This study aims to analyze the coupled finite element and bound-
ary element (FEM-BEM) solution to the nonlinear system of Maxwell and in-
ertia Landau—Lifshitz—Gilbert equations. An algorithm is proposed to numeri-
cally solve the weak form of this problem, which requires solving coupled linear
systems per time step. The algorithm is coupled in the sense that it consists of
the sequential computation of the magnetic and electric fields in both the in-
terior and boundary domains, and magnetization afterward. Under some mild
assumptions on the effective field, the findings show that the algorithm con-
verges towards a weak solution of the Maxwell-Inertia Landau—Lifshitz—Gilbert
system. Numerical experiments demonstrate the algorithm’s applicability for
a theoretical micromagnetic example.
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1. Introduction

Understanding magnetization phenomena in micromagnetics using Landau-Lifshitz-
Gilbert (LLG) models is relevant to the development of magnetic sensors, recording,
and storage devices [18]. Fascinating challenges arise when developing and imple-
menting numerical solutions to various LLG models as they are highly non-linear
partial differential equations (PDEs), have non-convex constraints, and have several
equivalent forms [12,25].

The various formulations of the LLG equation [7,8,19] have been used for the
numerical investigation of micromagnetics. The common convergent algorithms im-
plemented to solve LLG-based models have either used the finite difference method
(FDM) [16,20] or the finite element method (FEM) [13,22] for the discretization
of the space domain. The inertial LLG equation (ILLG) extended to account for
short-time scales magnetization dynamics [10,21,22] has also been analyzed. To fur-
ther account for electromagnetics dynamics, Maxwell equations have been coupled
with LLG equations in multiple studies [5,9, 15, 19].
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This work proposes combining the coupled Maxwell system and inertial LLG
(ILLG) equation to investigate the convergence of a system that accounts for ul-
trafast magnetism and electromagnetics dynamics. The resulting Maxwell-inertia-
Landau-Lifshitz—Gilbert (MILLG) equations model the electromagnetic character-
istics of a ferromagnetic material. Analysis of the coupled MILLG equations (1.11-
1.15) using a combination of the finite elements method (FEM) in the interior
domain discretization with the boundary elements method (BEM) on the boundary
discretization was carried out. In contrast with a previous study [17], which uses
time-dependent boundary integral formulation for external Maxwell reformulation,
this work employs a space-dependent approach [11,23], which reduces the computa-
tional complexity of the MILLG system. The numerical scheme uses the backward
Euler method for time-stepping discretization. These schemes have been reliable for
convergence and stability on complex PDEs where LLG is non-linearly coupled to
other non-linear PDE systems, such as in previous seminal studies [1,5,17]. We es-
tablish convergence of the approximations towards a weak solution of the problem.
Various numerical experiments have been performed to demonstrate convergence in
time and space.

This paper is organized as follows: Section 1 formally proposes our problem
model (1.1-1.7) and reformulates MILLG equations (1.11-1.15). Then, we recollect
the notion of a weak solution (Definition 2.1) in Section 2 and define preliminaries
for time and space discretization. In Section 3, we propose a numerical algorithm
(Algorithm 1) to approximate the discrete weak formulation of the MILLG system.
The wide Section 4 is then dedicated to presenting our main convergence result
(Theorem 4.1) and its proof. Lastly, we illustrate convergence in space and time
with numerical experiments in Section 5.

1.1. Preliminary mathematical notations

In the current study, assume that the interior domain Q € R? and denote its bound-
ary by 0€2 = I be a ferromagnetic material that is embedded into a bounded exterior
domain Q = R3 \ © (with perfectly conducting outer surface o) = f‘) Further-
more, assume that () \ Q is a vacuum and here Q denotes the closure of €, the
interior domain Q7 := [0,7] x Q and the exterior domain Qp := [0,T] x Q for
magnetization time T. Inside the domain, the aforementioned parameters are the
applied current density J :  — R3?, the electric and magnetic permeability matri-
ces €, 1 : 2 = R3*3 and ferromagnetic domain conductivity o : @ — R3*3. The
other parameters are «, which denotes damping, and C,, which represents exchange,
are positive constants. Outside the domain, the following material parameters are
treated as constant scalars: pu = g, € = ¢, 0 = 0.

1.2. MILLG model problem

We can define the full MILLG system as follows: The magnetization field m : Q —
S2, where S? is the unit sphere, and electric and magnetic fields E, H : QU O R3
satisfy the coupled system (1.1-1.7).

For interior domain [0,77] x €

om om 2
=-mXx Hg+amXx — +wm X

om om
ot ot o2’
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E
€%=(VXH)—O'E—J, in Qr, (1.2)
oOH om .
MW = — (V X E) — Mﬁ’ m QT, (13)
and for exterior domain [0, 7] x
OFE L
EOE =V XH7 m QT, (14)
H .
uoaa—t =—-VxE, inQp. (1.5)

The system is supplemented with initial conditions

m(0,z) =m°, E(0,z)=E°’ H(0,x)=H" inQp,

] (1.6)
E0,z)=0, H(0,)=0, inQp,
and with the boundary I'p := [0,7] x ' condition for magnetization
Opnm =0, onlp, (1.7)
together with jump conditions connecting the two domains
yoE=4LE, onl, (1.8)

IYMH:’?JWHa on ]-—‘7

where n denotes the outward pointing normal vector, 45; and 4y are Neumann
and tangential traces on I' respectively. For simplicity, consider some high-order
energy contributions by applied and exchange fields [14]. We then have the effective
magnetic field Heg given by

Hg(xz,t) = C.Am(t, ) + H(t, x).

Here H denotes a given applied field, and C.Am represents the exchange field,
which depends on the energy functional E(m) = < [, |Am|*dz.

1.3. MILLG model reformulation

In this part, motivated by [23], we transform external domain Q) Maxwell’s equations
into boundary domain I' integral equations. We obtain a coupled Maxwell system
between internal domain 2 and boundary domain I', which, put together with
ILLG, form the full MILLG system. Firstly, only take into account Maxwell’s
equations (1.3-1.5) together with jump conditions (1.8). One can refer to [11] for
rigorous requirements of uniqueness, and at the moment, the derivation is done at
a conventional level.

Let E(x) and H(z) represent space-dependent exterior magnetic and electric
fields that satisfy time-harmonic Maxwell equations (1.4) and (1.5) respectively,
as in ( [11], Section 4.1). Let n be the exterior normal vector on I' pointing into
Q. Recollect equations (1.3-1.5) and define the Neumann and tangential traces
operators for the exterior domain by 4ra = Yp7a X n so that the jump conditions
are given by

wE=4E, onT,

’YMHZ’A}/MI:I, on I'.
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From scattering theory [11], for a fixed ,y € C, one can write Maxwell equations

for the electric field and magnetic fields corresponding to the exterior problem as
Vx E=ikH, in(Q,

N . R (1.9)

VxH=—ikE, in(),

where E = E;pe + Egear and H = H;po + Hgeor and Ejne and H e are incident
magnetic and electric fields respectively, E¢..: and H 4. are scattered magnetic
and electric fields respectively, and k is the wavenumber. One can write the exterior
scattering problem (1.9) as follows, find E=Ein.+ Esear satisfying:

Vx(VxE):kQE, in O,
Exn:O7 0](1].:‘7

|z|

where Hipe = n X Ejpe, & = CB/|$|, ¢y = —FEseat = E — Eipe and Yy =
—H ot = H — Hjppe.

As defined in ( [23], Section 4), the exterior Calderon projector is given as,
C= %Id — A and it can be written in matrix form as

| llim || (V X Egeqr X z _ ik:Es) =0, as|z|— oo,
xT|— o0

s | TMP L sld-V K
C= =17 : (1.10)
MY ALY -K ld-V
where Id is the identity operator that maps every function to itself, and A is the
multitrace boundary operator matrix given by

V K
-KV

A=

)

where V and K are the discretizations of the electric and magnetic boundary op-
erators with the corresponding electric and magnetic potential operators ¢ and, 1,
respectively.

One can directly obtain the electric field integral equation (EFIE), which can be
derived from the first line of the exterior Calderon projector 1.10 to obtain V7 =
39.(d + K)E;.. In addition, the strong form of magnetic field integral equation
(MFIE) can be represented directly as EFIE by (K — $1d)n = 4 E;n.. Here, w
represents the Neumann trace of the scattered field, and 7 represents the tangential
trace of the scattered field. A well-conditioned mass matrix B is required to obtain
invertible choices of dual and range spaces in the discretization of A% = ild.

I 7 o 210 | 33 (1d = V) H e
5 |®| _L|mo B _ 1| B
v 2| -wE 2| wH




Maxwell-Landau-Lifshitz-Gilbert equations with inertia effects 1723

where E;,,. can be defined as ge***® with H;,. = nx E;,., where d is the direction
of the incoming field.

With the Calderon operator together with mass matrix B introduced, we re-
formulate the coupled MILLG system (1.1) - (1.8) on € and its boundary T: find
functions m : Q — S?, E, H : Q — R3 and ¢, : I' — R?® which satisfy (1.11-1.15):

om = —m x (C.Am + H) + am x Oym +wm x 0?m, in Qr, (1.11)
e@tE: (VXIJ)—O'E—.]7 in QT, (112)
pworH = —(V x E) — uoym,  in Qr, (1.13)
and
-1
1 FE

5|? = e (1.14)

b L H

with the boundary I'r := [0,T] x T condition
Oym =0, onlyp. (1.15)

From now onward, the equivalent reformulated MILLG model (1.11-1.15) will be
employed for analysis and investigation.

2. Weak solution to the MILLG system

This section presents the definition and discretization of a weak solution to the
MILLG equations (1.11-1.15). Consider some functional spaces and assume some
conditions on the initial functions m°, E°, and H°.

The function spaces H' (2, R?) and H(curl; ) are defined as follows:

H(Q,R%) = {g e L2(Q,R%) : g—g e LX(Q,R%) for i= 1,2,3},
X

H(cwl; Q) = {g € L*(,R*) : V x g € L>(Q,R?)} .
In this case, for a domain Q C R3, L2(Q, R3) is the typical space of Lebesgue squared
integrable functions defined on § and taking values in R®. Also, denote
(e = zrs and |- flo = |- [lL2@rs)-

To define a weak solution of MILLG equations, assume that the given initial func-
tions m® € H'(Q,R?) and E°, H® € H(curl; Q) satisfy

Im° =1, div(H° +m°) =div(H°) =0, div(E’) =0, inQ,

divJ(x,t) =0, in €, (2.1)

(H° +m° -n=0, onTy.
Since we have reformulated the MILLG model, instead of solving (1.1)-(1.8), it

is equivalent to solving (1.11)-(1.15). We can now define a weak solution to the
MILLG problem (1.11-1.15).
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2.1. Weak solution

Definition 2.1. Let the initial data (m°, E°, H°) satisfy (2.1). Then m,H,E
is called a weak solution to MILLG equations (1.11)-(1.15) if, for all T' > 0, the
following hold

1. m € H'(Qr,R?) with |m| = 1 almost everywhere, m(0) = m? in the sense
of traces and, for all test functions ¢ € C*(Qr) and let v = 9ym we have

(av,()ar + (M xv,Qa, + WOV, (ar = —(CeVM,V()a, + (H,(ayp-

(2.2)
2. E, H, O,E, 0,H € L?(Qr,R3) such that V x E, V x H € H(curl; Qr) with
test functions ng, ny and the variables ¢ := ugyp, H and ¢ := —yp E with
test functions ug and uy, we have
<68tE777E>QT = <v X H7UE>QT - <0E + J777E>QT7
<M8tHu 77H>QT = _<V X EanH>QT - </1"U777H>QT7
(2.3)

(-4 ()
Uy V)l 2 Ugp -y H r

3. For almost all ¢ € (0,7T), we have bounded energy
V220, + 10132000 + [10001F 200y + 1H 2000y + 1B IE2 00y < C,
where C' > 0 is independent of t.

Space and time discretizations for MILLG weak form are defined in Definition 2.1.

2.2. Tangent plane scheme and time discretization

Let 7, be a regular tetrahedrization of the polyhedral bounded Lipschitz domain
Q) C R? into compact tetrahedra mesh with maximum size h, and let a set of
vertices and edges be represented by Ny, := {z1,...,zn}, and M}, := {e1,...,en}
respectively.

To discretize the ILLG equation (2.2), we introduce the P!'-FEM space S} C
H'(Q,R3) which is the space of all continuous piecewise linear functions on 7p,.
A basis for Sﬁ can be chosen to be ¢, € C(Q,R3), where ¢p(Tm) = 6,.m. Here
17
0, ifn#m.
operator from C°(©2,R?) onto S} is denoted by Pp,

if n =m,

Opn,m stands for the Kronecker symbol 6, ,, = . The interpolation

Sphi={pn € C(ALR?) : oy € PHK) ¥V K €Thl,
N

Py(u) = u(xy)en(z) YueC'(QRY).
h=1

Since |m(t, x)| = 1 almost everywhere, define the discrete manifold ), and tangent
space Ky, for any magnetization my, € ), as

Vi :={pn € Spllon(@)| =1 ¥V = €N},
Kn:={on €St :mp-on(x)=0 V¥V =xcN,}
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To discretize Maxwell’s equation (2.3) in the interior, we use a Nedelec conforming
ansartz space [5]. Let {my,...,mar} be a basis for lowest order edge elements of
Nedelec first family space X! C H(curl,2). We define the following interpolation
operator Q;, from C* () onto X!,

Xy = {mp, € H(cwrl, Q) : 7y € Popo(K) VK € Th},
where PL,(K)={v:K - R v(z)=a+ Bzr:acR* BcR>3 BT = —B},

M
Qu(w)=>" (/ w - uqu> T, Yw € C®(Q,RY).

q=1

With the finite element spaces defined above, now define the approximation
scheme. For time discretization, use a constant time step size 7 := % for a fixed
positive integer N € N with time steps 0 = #g, ...,t, =T,t; = 7j. Forj =1,2,..., N,
the functions m(t;,-), E(t;,-) and H(t;, ) are approximated by mﬁl € S} and
E{L, H{L € X,} respectively.

Noting from (1.1) that d;m - m = 0 and recall ¢y, is a basis of S}, we find v/ 7!
in the space V{L and |m’T!| = 1 condition defined by

V) = {v € Stv(x,) - m)(x,) =0,n=1,.., N},

N .
|m‘7+1| L Z mil($n) —+ TV :l:n)
h T

im (z,) + 7o, (2,)]

j+1
h (

Ph-

n=1

3. FEM-BEM algorithm

In this section, we implement FEM for the ILLG part in the interior domain and
coupling of FEM-BEM for the Maxwell part in the interior and boundary domains.
We approximate the solution of the MILLG system (1.11) to (1.15) by the following
algorithm, based on the weak formulation Definition 2.1.

For tangent plane scheme the implicit parameter 6 and R € {v, E, H, ¢,%}, the
second order discrete-time derivative takes the form

ORI = M, m{lﬂ = mib + HTU{LH. (3.4)
) T

The parameter 6 can be arbitrarily selected in [0,1]. The method is explicit when
0 = 0 and fully implicit when 6 = 1.

Remark 3.1. Here, we use a first-order implicit scheme for the computational
stability and efficiency of the coupled system. Meanwhile, discrete energy laws of
LLG can be extended to ILLG [22]. Using the same approach, we can design second-
order A-stable schemes [24]. However, high-order schemes greater than 2 cannot be
A-stable [1].

Assume that the spatial meshes are uniformly shaped, regular, and satisfy the
angle condition.

Lemma 3.1. It holds

/Vw@jdmgo V i, je{1,2,..N} with i j.
Q
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Algorithm 1 FEM-BEM Algorithm

1.

3

4.

5

Input: discretized initial data m?L, E%, H 2, ¢2, 'c,bg and the implicity param-
eter 6 € [0, 1].

For j —j+1,7e€N,0<j <N —1. Compute the following:
Given m{l, H fl, compute v{lﬂ € K, by solving the bilinear form of the ILLG
equation (2.2) discretized below for all (}, € Kp,

(0w}, Gu)ar + (V] x M, Gar + (W}, —v}) /7 Gar

. . ) 3.1
- - <Cev(m;7l + 97—”;1)7 vCh>QT + <H‘ZL7 Ch>QT7 ( )

Compute BT, HI™ € X} and ¢ 7' € v (X)), )™ € 41.(A}) by solving in
block form the Maxwell equation (2.3) discretized below for all ngp, ngn € X,%
and ug € v (X)), uy € yo (X))

e/T+0)EN T e ar — (V x HI™ nen)a,
¢/T)E}, nen)ar — (I3 nen)anr,
H’/T)H%JrlathxlT + <V X E€L+1af’7Hh>QT
w/T)VHy nER)r — (B0, NHR) O

< ) ot > 1 < ug \ (1o B >
) 1 — A 9 i .
Uy e 2\ \ug —yLHy " T

Maxwell equations can be written in block form as:

(3.2)

B[0,0] B[0,1] B[0,2] B[0,3]| | B} Y [0]
B[1,0] B[1,1] B[1,2] B[1,3]| |H,™"| |Y[1]
B[2,0] B[2,1] B[2,2] B[2,3] A N Y[2]
B[3,0] B[3,1] B[3,2] B[3,3] Ak Y (3]

. We update and normalize by computing mifl for all nodes z € N},

z) + 1o} ()] (3.3)

vt (z) = vl (2) + o) (2).

(&) + v}, (x)
( ;

Stop if j = N.
i1 it

Output: the sequence of approximations m{fl, Eﬁj‘l, H2+17 AR 1

Recall from Section 2.2, that ¢y, is a basis of SL. The condition is satisfied if
all dihedral angles of the tetrahedral meshes T; are smaller than or equal to 7/2;
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see [3]. Then for all u € S} satisfying |u(xg)| > 1,k = 1,2,..., N, there holds

[
o |

Remark 3.2. The angle condition ensures boundedness of the normalization step
in Algorithm 1

2
dw§/|Vu|2da:.
Q

IV Mo < IV (mj, + o) o (3.5)

Lemma 3.2. The trace operators vyr,4r : H(curl; 2 U Q) — Hr and vy, M
H(curl®; QU Q) — Hr are continuous and surjective, see ( [23], Theorem 1).

We collected from ( [23], Section 3) the tangential trace space, Hglg/ *(T') and its
dual space Hz */ *(T") with respect to antisymmetric product (a, b) = Jpa-(nxb)
for @,b € L2. Here H3/*(T") := ~(H'(€)) . The trace space can be defined as

Hr = Ha 1/2 (divr, T'), where divr denotes the scalar surface divergence.
The discrete solutions {m]Jrl ET HT ¢ Y constructed in Algo-
rithm 1 are interpolated in time in the following definition.

Definition 3.1. For each ¢t € [0,T7], let j € {0,..., N} be such that ¢t € [t;,t;41].
We define for ¢ € [0, 7], recall [19] we have t; = 7j, R € {m,v, E,H, $,v} and

x e - ;
Ris(tw) = LR (@) + LR (a),

R; (t.2) = R} (@),

vy (t, ) = Oymy, - (t, x),

bre =1 En (tx) and o, =v.E}(x),
Vi =L Hp (t,x) and o, = v H}, ().

4. Main result and convergence analysis

In this section, we seek to show that Algorithm 1 defines a convergent scheme.

4.1. Main result

Theorem 4.1. Let (my r, Ep o, Hp r, @y ., ;) be the approzimations obtained
by Algorithm 1 for 6 € (3,1]. Under condition (3.5), for any (t,h) — (0,0)
there exists a subsequence of (my, -, Ep r, Hy -, ¢y P, ) that converges weakly
in HY(Qr) x L2(Qr)? x L2(Hr)? to a weak solution (m E.H,¢,v) of MILLG.
In particular, each accumulation point of (mhmEh,thmeh,T?@[’h,T) s a weak
solution of MILLG in the sense of Definition 2.1.

The three-step proof proceeds to show that discrete quantities and energies are
bounded. Thereafter, we established the existence of weakly convergent subse-
quences, and their limits are identified as weak solutions of MILLG.

2. Analysis of algorithm

The lemma shows that the algorithm is indeed bounded and admits unique solutions
in each iterative loop step.
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Lemma 4.1. Algorithm 1 is well-defined in the sense that, for every j > 0, there
exists unique approzimations RITY that satisfy equations (3.1)-(3.2).

Proof. For tangent plane scheme equation (3.1), by the Lax-milgram Theorem,
for each j > 0 there exists a unique solution (mj ", HJ™") € K] x &L
Since |mJ, (z,)| = 1 and |v] ™ (z,,) -m],(x,)| = 0 for all n = 1,..., N, there holds

|m{b(wn) + vabﬂ(a;n)\ > 1. Therefore, the algorithm is well-defined. There also

holds [mj ™ (z,)] =1 for n = 1,..., N.
For the Maxwell case (3.2), we define the bilinear form a(-,-) and linear func-
tional L7 () on Xt x XL x v (&) x v (X)) by

a((®,¥,0,7),(4,9,6,v))
:<(€/T + U) ¢7¢>QT - <v X \Ilvl/)>QT + <(/-L/T)\I/7'(/J>QT + <V X ¢7¢>QT

0 (C]
+ 7B0 )
1% T r

LY (¢,4,6,v)
=((e/)E", $)ay — (I d)ar + (/1) H )y — (v',¢)0,
o\ k
i) Eoe ()
Equations (3.1)-(3.2) is equivalent to
a((®,9,0,7),(¢,9,0,v)) = L’ (¢,4,6,v),
for all  (¢,%,0,v) € (& x Xy x y1.(Xy) X (&)

Strictness of a(-,-) on (X} x X x v (X}) x v(X})) implies the statement of the
Lemma 4.1 and since the trace variants ~yy, : H(curl, Q) — Hr are bounded [5], we
have

a((d)’ v, 97 T)v (¢a wa 9, V)) = <(€/T + U) o, q>>QT + <(/~L/T)\I/7 \II>QT

S} )
+ 7BO
T 1) /.

>O(r e, 0) ([ @18, + 118, + 11817, + 1T113,)
>0,
and we conclude the proof. O

Remark 4.1. In this work, we use scalar and constant material parameters €, u €
R, but hold with similar arguments for symmetric, coercive, and bounded material
tensors €, u : Qp — R3*3 and bounded, positive o : Q7 — R3%3,

The next lemma provides a bound in the L2-norm for the discrete solutions.

Lemma 4.2. The sequence {m?fl, ET HTY o™ ™Y produced by Algorithm
1 satisfies

J
gl < C+CTZEj72

=1
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where

1 €1 JT TWH
£t = SIB , + SIE T, + T

[ s

¢ 7
0> (S ust - mii, ) 4o 3 Bkl

k=1

//f e 1
(ZIIH"“ HuQT) T
Tw,u
b ranS JoblR, + (z o kﬂ—vzna)

k=1

1 J J ¢k ¢k+1
— uC,r? (2_9>ZW§|§2T+TZ .B .
k=1 1 \ \¢F r

warl

Proof. Choosing v} = ¢, € Ky, in (3.1) and {E" = ng, H' = ni,uy = ¢, uy =
¥} € X in (3.2), one can obtain

(av], vl)ap + (v], x M, v})ar + (W = v)/7,v])an
= —(CV(mj, + 07v]), Vvl o, + (HY, v)) o,
¢/T+0)ET  EYg, — (Vx HT EYqg,
/7B E'o, — (J™ Ea,,
,LL/T)Hi+1,Hi>QT + <v % Ei+1,Hi>QT
/u’/T)Hi’Hi>QT . </wi»Hi>SlTa (4.2)

¢j 5 ¢j+1 _1 ¢j MalfyLEjJrl
wi] i F_2 wi |\ Sy E ) )L

Since the angle condition (3.5) is satisfied, we can rewrite equation (4.1) using the
following

(4.1)

o . ,
IVm3, lo < IV (m, +7v3)lla.
IV & < Vmi I3 + 27 (Vmy, Vol o + 72| Vol ||
Applying Abel’s summation by parts for R™' € R? to equation (4.1) and (4.2), for
k < j <1 it holds that
J ‘ 1
Z Rk+1 Rk Z”Rk—H Rk||2 HRJ—IHQ_ §HROH2
k=1 23

We rewrite equation (4.1) multiplying by 7u and summing up (4.2) for k,4,j € N
and we have

J
Twu K —1
rapy | |vkllg, + (E lor ™ = villE, + o M3, — v%ll?zT>
k=1
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< j+1||szT mh”QT
1
uCr? ( - 9) Z Ik, + S (EE oo, (4.3)
k=1
€ 1
< (S m B, 4 1B, — 1B,
2 k=1

(Z 15— Hl, + =G 6, — 1H G,

7 ¢k+1
+7 ,B
;< Yk PhHl >F

3 i J
<o) |B&, — Y _(v5, Hi)a, — 7> (I Efa,. (4.4)
k=1 k=1

N——

Adding equations (4.3) and (4.4) we obtain
;(z | B — EfI3, + 1B, 1||QT> oS B,
k=1
(Z IS~ =R, + | H 1||QT>
+ muz kI3, +=F (Z okt — ok |2, + ||v;;1||%zT>

k=1

1 J I ][ Ph
— uC,r? (2 - 9) SOIVoRla, +7> B
=1 k=1 \ \ " r

¢k+1

j+1

(63
(4.5)

J

Z Hk+1 Mg *TZ ch+1 EMo,

k=1 k=1

€ uC,
+ S I BRI, + *IIH I3, + =F || Wl +
2

nllor-

As the ferromagnetic domain may not be conductive (¢ = 0), the right-hand side
(4.5) can be bounded with Cauchy-Schwarz for arbitrary d1,d2 > 0 such that

J

i
Ty (Hjy = Hy wh)a, =7 (I3 Eja,
k=1 k=1

T 102
Z \\Jk+1||QT+ZT51HE ||QT+Z (Al

k=1

+ZT<51HE’”1 EHQT+Z IIH’“+1 H}3,,
k=1
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and together with

j— € j—1 H j—1 TWH
(‘:J ! = §HE;L ||?2T + §||HiL ||?2T + Tth HQT ||QT7
we obtain that
4 (- r0) (Z B}~ B |ng> +mz |51,
k=1

1) (o)

k=1

O2 J k12 TWM k41 k|2

+TH| o — b} lvnlla, + ZHU CH

k=1

(4.6)

J J ¢k ¢k+1
—MCT ( 9>Z||Vvh”QT+TZ< ,B >
T

el w ,l/}kJrl

J
< Z ||Jk+1HQT + 2751 1B} 8, + E°
k=1 k=1

J J
S Z 7||Jk+1HQT I 26 gk—Z +50
k=1 k=1

We choose 1,82 > 0 such that sufficiently small 7 > 0 satisfy

T € 0o
(1—52>>0, (5—7'51>>O and (a—2>>0.

Estimate equation (4.5) can be simplified to &/~ < C'+¢r S27_, €772 and conclude
the proof. O

4.3. Existence of weak solution

The next lemma using the Banach-Alaoglu Theorem and Cauchy-Schwarz inequality
[5,19] provides limits of weak solutions.

Lemma 4.3. There exist functions
(m,H,E,$,7) € H (Qp,8?) x L?(Qr) x L2(Qr) x L*(Hr) x L*(Hr)
such that

my . —m in HY(Q7),

mh,T,miT —~m in L*[0,7),H (Qr)),
mh77,mi7 —~m in L*Qr),

viT —om in L2(QT),

Hy, Hj,, —~H in L*[0,T],H (Qr)),

VxHpVxH, —=VxH in L(Qr),
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E,,E;, —~E in L*([0,7],H" (7)),

VxEn.,VxEi —=VxE in L*Qr),
D By — @ in LP(Hr) wrt (),
Yy, =P in L*(Hr), wrt ().

We are now able to prove the main result of this paper.

Proof of theorem 4.1. We proceed for the ILLG (3.1) and Maxwell (3.2) moti-
vated by [22] and [5] respectively.

For any ¢ € C®(Qr), ng,nz € C®(T), and t € [t;,t;41), we define ¢, =
my, . < and (NEn, Nun) = (e, NH)-

In equation (3.1) and (3.2), using Definition 3.1 and replacing (;, and (ngh, 7rn)
by (n,-(t) and (nen(t), nuan(t)) respectively. Then, integrating both sides with re-
spect to ¢ over an interval [t;, ;1) and summing over j from 0 to N —1, we rewrite
(3.1) and (3.2) as

{avy, (8); Cnr () ar + (vy, (8) x My (1), Chr (B))0r

+ (W (t) = v, ()7, (t))or (4.7)
+ <C€v(mf;7'<t) + QT,U};,T(t))’ VCh,T(t)>QT - <H}:,T(t>7 Ch,T(t)>QT =0,

((e/T7+0) Enr(t),nent))ar — (V X Hp 7 (t),nE(t))or
= ((e/T)E}, (1), nen(t))ar — (Jn+ (), nER({1))0r,

(W/T)H b7 (8), mun () o7 + (VX Ep 2 (), nHn(t))or

(( h

= (/) H, (1) 0 () — w0y (0 (1)) (48)
< ug ") o0 > 1 < ug" () (45 YL En(?) >
) \ews®) /e 2N\ 0) \ cnH ) ) e

The nodal interpolation operator properties with (,, = my, X @ and

(e (), nan(t)) = (NER, NHA) give

<av;,7'7mf:,‘r X SD>QT + <v;,7' X mi;r’ m;,r X (p>QT
+ (W(vnr — v, )/ My, X p)a,

+ <C€v(m};r + 07—’”};7—)’ v(m}zr X Q))ar — <Hi:,-r’ m}:,r X play = O(h),

4.9
((¢/T+0) Enrinen)or — (VX HprnER)or o
= ((¢/T)E}, ;. nen)or — (JnrMER)Or,
((/T)H e man)or + (VX Ep gz, nan)or
= (/) H}, 2 nmnder — (v in)ox (4.10)

h h -
< %}s’T B ¢h,7’ > _ 1< uqﬁﬂ— Ko 1’YLEh,T >
hor | h, ’ )
uwT whﬂ— T 2 uwT 7’}/LHh,T T
In order to show that a weak solution m, E, H, ¢, vy satisfy Definition 2.1, we prove
that as h and 7 tend to 0.
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First, using the strong L?(Qr)-convergence of m, X ¢ towards m x ¢ and
boundedness of T”V’U;THEZ(QT) for 6 € (1/2,1] from ILLG equation (4.9) we obtain

<omh v, xmy my X ©)ar = (@dm + dm X m,m X ©)q.,

(W —vy, . )/Tmy, - X ), = (Woem, M X 9)ay,

(CeVmy,  V(my, X @))ay — (CceVm, V(m X ¢))ar, (4.11)
07V, ,V(m, X ¢))a, -0 and

(H

hT’thXSO>QT <H’mX@>QT'
We have now proved

(adym + Iym x m,m X p)ar + (WM, m X ),
= <C€vm7v(m X <»0)>QT + <H7m X §D>QT'

The equality m(0) = m® in the trace sense follows from the weak convergence
my, — m € Hl(QT) and thus weak convergence of the traces. We eventually
determined the limit using the weak convergence m$ — m° € L?(Q).

Second using Definition 3.1 from Maxwell equation (4.10) we obtain

((e/T+0) Enrinen)or — ((€/T+0) E.nE)ar,
(VX Hp7,men)or = (VX H,ng)o,,
((e/T)E} -snen)ar = ((6/T)E,nE)or,
(Jnrmen)or = (J,nE)or,
((/T)Hn 7, nan)or — (/7)) H, nH)or,

(V x Enz.nmn)or = (VX Enm)ar,

(
(

(w/T)H}, snmn)ar — (/7)) H, nm)ar,

NU;Tv th>QT - <Matmv 77H>QT1

h,T
u Pn, u )
uw)T q/}h,T T u?/) IZ} T
1< up™\ (1o LB > . 1< ug\ (1o L E >
2 UZ, T —v.Hnr )/ 2 Uy -vH | /r

Using triangular and Holders inequalities, we show the energy estimate

||Vm||12L2(QT) + ||3tm||12L2(szT) + ||3tthfz(QT) + ||H||12L2(QT) + ||E“i2(SZT)
< Cva;,THI%P(QT) + ”atmh,'rH]%?(QT) + Hattmh,T”]%z(QT)
+ HHh,THfz(QT) + ||Eh,f||n%2(szT)a
where we have assumed convergence of initial data satisfies Definition 2.1. The

desired result follows from the conservation of energy argument [14]. Thus, we
conclude the proof. O



1734 R. Kitengeso & Z. Zheng

5. Computational experiments and conclusion

In this section, we implement Algorithm 1 in the finite element software FENICS [2]
and the boundary element software bempp [4] on a desktop computer. We observed
that the cost per time step is approximately proportional to the number of mesh
elements, although further research beyond the scope of this study is required to
establish this conclusion. After discretization, we write MILLG equations (3.1) and
(3.2) in the following bilinear form and blocked formulation.

5.1. FEM implementation

We write this as the following bilinear equation using the saddle point approach [1,5]
for simplicity and solve for (v}, \s) such that for all (s, Bs)

(v}, Ch)ar — (M, - v]), Bu)ar — (M, - Cn), Anar + (0], x M3, C)ay
+ (Wt = v) /7 Char

= —(Vm}," VGa, + (H}, Ch)ar

LHS'*' = RHSI.

The terms orthogonal to the test functions may be theoretically dropped but are
relevant for saddle point approach conditioning.

5.2. BEM implementation

Discrete spaces from natural standard grids, barrycentrically refined grids, and edge-
scaled grids mostly naturally generate the same and mathematically identical basis
functions. However, for implementation, inner products can only be computed by
basis functions defined on the same grid.

Let F be a Linear operator in bempp. Then F' is the matrix that maps coefficients
of functions P in Domain Space, DS, to coefficients of P in Range Space, RS, tested
with functions in the Dual Space to Range Space, DSRS.

We can denote PSES FP3 a5 a weak form of F and FPS71S
of F' which are related as follows

as a strong form

DSRSFDS — (DSRSIdDS)FDS%RS.

The strong form can be expressed as
(FP)(RS) = FP2ES . p(DS).

Using the standard basis functions from discrete element spaces such as Scalar
Linear, S1, Vector-Valued, S1, First Order Nedelec, N1, Raviart Thomas, RT and
Nedelec, NC'. Scaled basis functions such as Rao-Wilton-Glisson, RW G, and Scaled
Nedelec, SNC spaces are also used. There are also barrycentrical basis functions, to
mention but a few Buffa-Christiansen, BC, and Rotated Buffa-Christiansen, RBC.
The basis function can be defined by rotation and scaling of the corresponding basis
function. The change of basis function can be implemented via the application of
nx(---) or multiplication by the associated edge to obtain an identical basis function.

Summarize and state the full system by defining mass matrices

Q= (M11a™),
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RBCIdRWG) RBC—RWG

(
(

Q3 — (RBC'IdRVVG),.)/’1_‘]\71~>RT7
( YT ;
(

Define the symmetric, discrete differential operator
D := 05NV xN) 405NV xNOT,

Full Blocked formulation

(E + O’) QQEZ'+1 7DHZ‘+1 *MangEiJrl 0 Ei+1

DET! %QgHi—H 0 _Q3TH1‘+1 Hit!

o ' QET! 0 —13ieQs 1y Qs | | ¢!

0 Q;H'! — 1o Qs VIoeQs P!
Y [0]
Y(1]
v
Y (3]

-fQoEi - Q"
%QoHi - Q,v’
~Q,E' — Ejp.

| 0QuH' — H i,

)

EiJrl(Xh)

H’i+1 )
LHS| = S

¢Z+1(RBC)

,(/}i+1 (RWG)

5.3. Convergence in time and space

In this research, consider convergence with rates of the Maxwell-Inertia-Landau-
Lifshitz-Gilbert (MILLG) system. We implement an algorithm for the approxima-
tion of the MILLG system that, provided the exact solution is smooth enough,
converges to the solution with a priori-know error ratio. Two academic examples
are performed to solve the problem of an effective magnetic field on a unit cube,
Q1 = (0,1)3 and thin plate 5 = (0,1) x (0,1) x (0, 0.08) of ferromagnetic material
with different material parameters inside and outside the domain. The tolerance
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Figure 1. The representation of cube tetrahedral mesh with a total of 3996 nodes in the domain (left)

and cube surface with edges representation (right).

for the iterative solver (GMRES) is set to 1078, the implicity parameter for the

tangent plane scheme § = 1. We investigate the spatial discretization error on a
fixed time grid. The following prescribed exact solution from previous work [5, 22]

has been used

g +

R N

— x
— | <t ey — =
+ [ +
[a\]

SO i

(5.1)

| — |
PRGN
o) (2]
IS K
& &
=) =
g 5
N —
a8
8 kK
> & 32
- 8
K
e &
= B
o] n
O «
~
— —
IS K
S S
S~— N~—
= =
g 7
-~
<+
I
S
X
>
—
£y
|
Il

o=1=0.
The electric field E is the sum of the incident field F;,. and the scattered field

E®. Here, we use the incident field given by

exp(ikd) 0 O} ;

|

where k denotes the wave number which is traveling in the d direction and polarized

in the x direction.

Einc((l:) :

1.1, Ho =

5 €0

0.125

We choose the material parameters as T
12, 0 = 1.3, a = 1.4, C. = 1.5. We used the initial and input data as m?°
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[sin(m, ) cos(mxa) cos(ms), — cos(may) sin(mas) cos(mxs), cos(n/12)], E° = H° =
[0,0,0], ¢° = 4° = [0,0,0], J = [100,0,0].

Compute the time discretization errors with corresponding L2-projections of
the discretized data on a unit cube €, fixed coarse mesh. For time step sizes
77 =T-277,5 = 0,...,8, the computed approximations are compared with the
reference solution computed on a fine time grid 7. = 277 and obtain their first-
order convergence from respective norms as:

erriy = max B~ R()], R e {m. B H.6.v}

s

For a fixed time grid and a shorter time horizon T" = 0.125, and a varied coarse
mesh on a thin plate 2. Compute the spatial discretization errors by comparing
the computed approximations with the given exact solution. By using the exact
solution 5.1, one can ignore the error induced by time discretization, and we obtain
first-order convergence from their respective norms as:

errp; = j:r&%)_fjv IRy, — R(tj)ll, Re{m,E ,H, ¢}

e

Magnetization Error
Magnetization Error

104

—e— ern(1) —&— errlh)
o(t?) o(h)

102 1071 107! 2x107! 3x107! 4x107! 6x1071
Time step size mesh size

(a) m solution versus the time step size (b) m solution versus the mesh size

Figure 2. Experimental error of magnetization m solution versus the time step size and mesh size.

Figures (2(a), 3(a) and 4(a)) show the error in magnetization, electric field, and
magnetic field solutions, respectively. The error measured in the L2 norm changes
as the time step size used in the simulation varies. The error generally decreases
as the time step size is reduced. Figures (2(b), 3(b) and 4(b)) show the error in
magnetization, electric field, and magnetic field solutions, respectively. The error
measured in the .2 norm changes as the mesh size used in the simulation varies. The
error generally decreases as the mesh size is reduced. The dashed line labeled O(72)
indicates an approximate second-order convergence rate. The observed second-order
convergence suggests that the numerical method used in the simulation is reasonably
accurate.

Figures (5-7) show magnetization, electric field, and magnetic field inside the do-
main. The simulation solution of the z component quantities fluctuates as observed
with the direction arrows and on the surface.
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Figure 3. Experimental error of electric field E solution versus the time step size and mesh size.

100 4
101 4
8 g
FRURE! I
T -
3 z
k= T_‘
T 8 6x1072
2 2
g g
= 10774 =
4x1072
10-3 4 P g —o erlt) 3x1072 52 —e— errth)
~ ~=- ot} i --- oth)
1072 1071 107! 2x107! 3x1070 4x107! 6x1071

Time step size mesh size

(a) H solution versus the time step size (b) H solution versus the mesh size

Figure 4. Experimental error of magnetic field H solution versus the time step size and mesh size.
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Figure 5. The vectors in the plots denote the magnetization solution components, and the color denotes
the m, component in z-direction.
5.4. Conclusions

We have given FEM-BEM convergence analysis for the coupled MILLG equations.
A convergence theorem is also given, improving known results in the literature. We
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Figure 6. The vectors in the plots denote the electric field solution components, and the color denotes
the E, component in z-direction.
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(a) H surface view (b) H glyph view

Figure 7. The vectors in the plots denote the magnetic field solution components, and the color denotes
the H, component in z-direction.

have not included timing benchmarks in this work since the goal is to account for
relevant magnetization dynamics contributions and functional analytic approaches
and not the performance comparison of different frameworks. The convergence anal-
ysis extends directly to ILLG after incorporating inertia effects into LLG. Similarly,
for Maxwell, from time-dependent boundary integral to space-dependent formula-
tion. We are aware that optimal order error bounds of LL.G has been established
theoretically [1]. In the future work, theoretical analysis can be extended to ILLG.
For this case, we demonstrated reasonably accurate simulations by utilization of nu-
merical experiments to vary time steps and mesh sizes. In the subsequent work, we
will extend the theoretical analysis to establish optimal convergence rate and error
estimate under suitable regularity assumptions and the reasonable ratio between
time step size and spatial mesh size [6]. Numerical examples are also provided,
showing the practical applicability of the method.
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