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1. Introduction

The Landau-Lifshitz (LL) equation has been widely used to describe the evolution of
magnetic order (magnetization) in continuum ferromagnetic materials [28,35], which is a
vectorial and non-local nonlinear system with non-convex constraint in a point-wise sense
and possible degeneracy. A crucial issue in the LL equation is to design efficient and high-
order numerical schemes, and considerable progresses have been made in the past few
decades; see [5, 18,27, 34, 51] for reviews and references therein. Explicit algorithms
(e.g. [2,8]) and semi-implicit schemes (e.g. [3,4,10,17,24,26,36,49]) are very popular
since they avoid a complicated nonlinear solver while preserving the numerical stability, in
comparison with the fully implicit ones (e.g. [7,25]).

One typical semi-implicit method is based on the backward differentiation formula
(BDF) temporal discretization, combined with one-sided extrapolation for nonlinear terms
[1,13,50]. In [13], the second-order BDF approximation is applied to obtain an interme-
diate magnetization, and the right-hand-side nonlinear terms are treated in a semi-implicit
style with a second-order extrapolation applied to the explicit coefficients. A projection
step is further used to preserve the unit length of magnetization at each time step, which
poses a non-convex constraint. Such a numerical algorithm, called semi-implicit projec-
tion method (SIPM), leads to a linear system of equations with variable coefficients and
non-symmetric structure. As a result, no fast solver is available for this numerical system.
Meanwhile, an unconditionally unique solvability of the semi-implicit scheme with large
damping (SIPM with large damping) has been proved in [12]. The improvement is based
on an implicit treatment of the constant-coefficient diffusion term, combined with a fully
explicit extrapolation approximation of the nonlinear terms, including the gyromagnetic
term and the nonlinear part of the harmonic mapping flow. A direct advantage could be
observed in the fact that, the resulting numerical scheme only requires a standard Poisson
solver at each time step, which greatly improves the computational efficiency. However, an
unconditionally stability is only available for large damping parameter a > 1, while most
magnetic material models correspond to a parameter a < 1. In addition, higher-order BDF
methods could be applied, while only the first-order and second-order BDF algorithms are
unconditionally stable. As analyzed in [1], for the BDF schemes of orders 3 to 5, combined
with finite element spatial discretization, the numerical stability requires the damping pa-
rameter to be above a positive threshold: a > a; with a; = 0.0913,0.4041,4.4348 for
order k = 3,4, 5 respectively. Therefore, it would be highly desirable to design an efficient
and higher accurate scheme with no requirement on the damping parameter.

For time-dependent nonlinear partial differential equations in general, implicit-explicit
(IMEX) schemes have been extensively used [10]. For the LL equation, the second-order
IMEX has been studied in [50]. Two linear systems, with variable coefficients and non-
symmetric structure, need to be solved. Hence IMEX2 can hardly compete with BDF2 in
terms of accuracy and efficiency. In a recent work [47], the authors introduce an artificial
linear diffusion term and treat it implicitly, while all the remaining terms are treated explic-
itly. Afterwards, the second-order and the third-order implicit-explicit Runge-Kutta (IMEX-
RK2, IMEX-RK3) methods, in which the popular coefficients are derived by the work [6],
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were proposed for the LL equation in a recent work [32]. Moreover, extensive numerical
results have demonstrated that the IMEX-RK2 method has a better performance over the
BDF2 approach, in terms of accuracy and efficiency. These IMEX-RK methods worked well
for arbitrary damping, and this is a very significant fact in scientific computing, since the
damping parameter may be small in most magnetic materials [11]. However, the corre-
sponding theoretical analysis becomes a very difficult issue, because of the complicated
structure of the RK coefficients.

In other words, higher-order RK numerical schemes could be appropriately constructed,
while, the theoretical analysis of any specific IMEX-RK3 scheme, including the linearized
stability estimate and optimal rate convergence analysis, is expected to be much more chal-
lenging, due to the complicated coefficient stencil in the Runge-Kutta stages. In this paper,
we propose a third-order accurate IMEX-RK scheme, whose coefficients come from the or-
der conditions based on the Taylor expansion [40]. Furthermore, we conduct an uncon-
ditional stability analysis which does not rely on the value of a. More importantly, an
improvement in efficiency and stability over the above-mentioned numerical methods will
be clearly demonstrated.

This paper is organized as follows. In Section 2, we first present the LL model and
give a brief introduction of the IMEX-RK schemes. The third-order IMEX-RK scheme is con-
structed in Section 3 by the aid of order condition, and the stability condition of scheme
proposed is proved from a theoretical point of view. Section 4 is devoted to the related in-
equalities to facilitate the theoretical analysis. The convergence analysis and error estimate
of the proposed IMEX-RK3 scheme is provided in Section 5. Accuracy tests are presented
in Section 6 with a detailed check for the dependence on the artificial damping parameter.
Finally, some concluding remarks are made in Section 7.

2. The model and the proposed numerical method

2.1. The Landau-Lifshitz equation

The dynamics of the magnetization in a ferromagnetic material occupying a bounded
region € is governed by the Landau-Lifshitz, which reads as

m; =—m X heg—am x (m X heg), (2.1)
gm| _ 0. (2.2)
v |;

In more details, consider the homogeneous Neumann boundary condition (2.2), T = 9Q
and the magnetization m : Q ¢ RY — §%,d = 1,2,3 is a 3-D vector field with |m| = 1.
Here v is the unit outward normal vector along I'. The first term of the right hand side of
(2.1) is the gyromagnetic term, while the second term represents the damping term with a

dimensionless damping parameter a > O.
6F[m]

om

The effective field of a uniaxial material h s = — is computed from the free anergy
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functional
poM?

Flm]= 2

f (elvm|* +Q(m%+m2)—h,-m—2h,-m)dx,

Q

corresponding to the exchange energy, the anisotropy energy, the magnetostatic energy, and
the Zeeman energy parts, respectively. Here we have h ;s = e Am—Q(mye,+mses)+h,+h,,
consists of the exchange field, the anisotropy field, the stray field h, and the external field
h.. In this formula, Q =K, /(uoM?) and € = C,,/(1oM?>L?) are the dimensionless param-
eters with C,, the exchange constant, K,, is the anisotropy constant, L is the diameter of
ferromagnetic body, u is the permeability of vacuum, and M, stands for the saturation mag-
netization, respectively. The two unit vectors are given by e, = (0,1, 0)7, e; = (0,0, DT,
and the stray field h takes the form

h, = —VJ VN(x —y)-m(y)dy,
Q

where N(x) = —4%|x| is the Newtonian potential. The following notation is made to sim-

plify the presentation:
f: —Q(mzez +m333)+hs +he (23)
Consequently, the LL equation (2.1) could be reformulated as
m,=—mx (eAm+ f)—am xm x (eAm + f). 2.4
The LL equation has several equivalent forms. For instance, according to the formula
ax(bxc)=(a-c)b—(a-b)c, a,b,c e R®, (2.5)
and by the fact of |[m| = 1, an equivalent form could be deduced as follows
mt:a(eAm+f)+a(e|Vm|2—m-f)m—mx(eAm+f). (2.6)
Some notations are needed in the numerical approximation. To ease the presentation,
set Q = (0, 1)d, d =1,2,3, in which d represents the dimension, and the final time is given
by T. In the 1-D case, the domain £ is divided into N equal parts with h = 1/N. In order to
approximate the boundary condition (2.2), the ghost points are introduced as in Figure 1,
which displays a schematic picture of 1-D spatial grids, with x;_ 1= (i— %)h, i=1,2,---,N.
The construction of the 3-D grid points is similar. For simplicity, we set h, = h, = h, =
h,m; ; ; = m((i— %)h, (— %)h, (k— %)h), 0<1i,j,k <N +1. In the temporal discretization,
we denote t" = nk with k the step-size and n < [%] Moreover, A,m represents the
standard second-order centered difference stencil as
My —2m; jj +m;_g
K2
m; ;=2 +m; gk
h2
m; g —2my g +my e
h2 '

Apm,; =
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Figure 1: The 1-D spatial grids, where x_1 and Xy are two ghost points.

1
2
A second-order approximation to the Neumann boundary condition results in

Mg jje =My jj, My =My ik, ,k=1,---,N,
mi,O,k == mi,l’kﬂ mi,N’k = mi,N+1,k’ i, k = 1’ cee ,N, (27)

m; o =My, MjN =My, L,j=1,--+,N.

2.2. Implicit-explicit Runge-Kutta methods

For any time-dependent nonlinear equation, the key point of implicit-explicit (IMEX)
numerical method relies on an implicit treatment of the dominant linear term and explicit
treatment of the remaining terms [6]. In fact, such an implicit treatment of the dominant
linear term is necessary to ensure a numerical stability. However, the linear diffusion term
does not dominate the magnetization dynamics in the LL equation, and thus a direct ap-
plication of IMEX method is not appropriate. Motivated by this observation and the work
in [47], a natural approach is to add an artificial diffusion term, then apply RK method to
the time discretization.

Following this idea, we introduce an artificial Laplacian term fAm into (2.4) and
rewrite the LL equation as

m,=—mx(eAm+ f)—am xm x (eAm+ f)—pfAm+BAm, (2.8)
~— S~—~—
N(t,m) L(t,m)

in which the artificial term is denoted as L(t, m), and all the remaining terms are included
in N(t,m).

An IMEX Runge-Kutta scheme consists of applying an implicit discretization to the linear
term and an explicit computation of the nonlinear term. Its application to (2.8) takes the
form

i—1 S
m® = m"— kz dijN(j)(f, m)+ kZ aijL(j)(t: m), 2.9
j=1 j=1
s . ) S .
m™ =m"—k > bNO(t,m)+k > bLDO(t,m). (2.10)
i=1 i=1

In more details, the matrices A= (@;;), @;; =0 for j > i and A = (a;;) are s x s matrices
such that the resulting algorithm is explicit in N(t,m) and implicit in L(t,m). An IMEX
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Runge-Kutta scheme is characterized by these two matrices and the coefficient vectors b =
(by, by, -+, b)), b =(by, by, , b)", with k the step-size.

For the sake of simplicity and numerical implementation efficiency at each step, it is
natural to consider diagonally implicit Runge-Kutta (DIRK) schemes [33].

The IMEX Runge-Kutta scheme can be represented by a double tableau in the usual
Butcher notation,

c| A c|A
bT b
where the coefficients ¢ and c are given by the usual relation

i
Ei = &ij? Ci=Zai]~. (211)
j=1

j=1

Notice that this relation may not be necessary, it is just simple to use higher order Taylor
expansion of the exact and numerical solution by the “rooted trees" theory. An application
of a DIRK scheme for L(t,m) is a sufficient condition to ensure that N(t,m) is always
explicitly evaluated.

3. Construction of IMEX RK3 scheme and its stability condition

3.1. Order conditions

The general technique to derive order conditions for a Runge-Kutta method is based
on the Taylor expansion of the exact and numerical solution; the relevant derivation and
more details are referred to [40]. Here we give the order conditions for IMEX Runge-Kutta
schemes, up to the third order accuracy. It is assumed that the coefficients &, ¢;, d;;, a;;
satisfy condition (2.11). In turn, the order conditions are derived as the follows.

First order

>bi=1, > bh=1 (3.1)

Second order

be; =1/2, bic; =1/2, (3.2)
2. 2.

bic;=1/2, bé; =1/2. (3.3)
2. 2

Third order

Z~~-—1/6 ZbEE—l/S
Zbal]c]—1/6 Zbcc-l/S

(3.4
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Zbl&l]CJ:1/6’ Zbla1151=1/6, Zblal]c1=1/6,

ij ij ij
Zbl&l]C]:1/6ﬂ ZblalJEJ:1/6, Zbl&llg]:1/6’

ij ij ij

Z Bicici = 1/3, Z BiEiCi = 1/3, Z biEiEi = 1/3, Z biEiCi = 1/3
i i i i

Conditions (3.1), (3.2) and (3.4) are the standard order conditions for the two tableau,
conditions (3.3) and (3.5) arise because of the coupled nature of the RK algorithms.

(3.5)

Remark 3.1. The order conditions will be greatly simplified if & = c;, and b; = b,, i.e.,
these two tableau only differ by the value of the coefficients matrices. Because of this fact,
the standard conditions are enough to guarantee that the combined scheme could achieve the
corresponding order. It is noteworthy that this is only true for the RK schemes up to the third
order accuracy.

3.2. Construction of IMEX RK3 scheme

In this section, we focus on the construction of a third-order IMEX Runge-Kutta scheme,
which satisfies the stability condition in our framework. For simplicity of presentation, we
consider the case of & = ¢; and b; = b;. The discussion of a general method may be more
complicated, while the formulation is similar.

For the convenience, we list the Butcher tableau with undetermined coefficients:

o0/0 0o 0o o o0 O O O0 O
|0 a3 O 0 O|ldy O O 0 O
C3 0 a3y ds3 0 0 631 &32 0 0 0 (36)
€4 |0 a4 a43 agq 0|dy dgp G43 0 O
0 by, by by, O[O0 by by by O
and the associated relation gives
Co = A = Ay,
C3 =3y +ag3 = d3; +dsy, (3.7)

Cq = gp + Ay3 + Agq = g1 + Ay + dy3.
Begin with the standard order condition (3.4), the unknowns also need to satisfy these
equalities to ensure that a numerical stability in our framework:
by+bs+bs=1,
bycy + bacg+ bycy =1/2,
bsdsycy + by(dgacy + dygsc3) = 1/6, (3.8)
byca + bgcg + b4c42r =1/3,

2
b2C2 + b3a32C2 + b3a33C3 + b4(a42C2 + a43C3 + a44C4) = 1/6
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Accordingly, at time step t,, the corresponding marching algorithm method becomes

Il
3

m; n»

fity = 1ty + k (A N (£, 101,) + agy L(t1, 1i15)),

fitg =1y + k (ds N (€0, 1) + 3N (¢t 1i15))
+k (asyL(tl, My) + agsL(t2,1h13)),

fitg =1y + k(@ N(¢0, 1) + GgoN(tL, ity + dgsN(t2, 1i13))
+k (a42L(trll, MMy) + agsL(t2, M3) + agaL(3, ),

M1 =1y + k(DN (th, 1iy) + byN(t2,1i13) + byN (€3, 111,))
+k (byL(tl, y) + by L(t2,1i13) + by L(t3,1i,)).

(3.9

Remark 3.2. In the above formulation, by the aid of a fully explicit treatment for the nonlinear
parts and implicit treatment for the linear part, the resulting numerical method only requires
a standard Poisson solver at each time step. This fact will greatly reduce the computational
cost, since the FFT fast solver could be efficiently applied, due to the constant coefficient SPD
structure of the involved linear system.

In a simple case with only linear diffusion term, we denote L, = 3A and take b, = ays,
by = a3, by = a44. The IMEX-RK3 scheme (3.9) is represented as

ﬁll =m,,

My = 1y + k (agLy(ry)),

g = 1y + k (aspLy(riy) + assLy(iits)), (3.10)
ity = 1ty + k (@40 Ly (1i15) + @43 Ly (1i13) + agsLy(1i1y)),

mp.1= ﬁl4'

3.3. Stability condition

To facilitate the stability analysis of the method proposed above, the numerical system
is rewritten as

m, =m,, (3.11)
my— .

2 2 n — Gy ApT,, (3.12)
ms;—m . .

3 k n = agzﬁAhmz + a33[5Ahm3, (3.13)
m,—m . . .
= QB ATty + Qg Ayt + a4 B Ay, (3.14)
mn+1 = ﬁ14. (3.15)

In fact, the numerical stability of the Runge-Kutta algorithm could be demonstrated by
subtracting (3.11) from (3.12), (3.12) from (3.13), (3.13) from (3.14). As a consequence,



3rd-order IMEX-RK Method for LL Equation with Arbitrary Dmping

the following equivalent numerical system is obtained:

ﬁll =m,,
m, —m 5

2 K L= ag B Aphy,
iy — 1ty . .

X = (agy — ag)BApMy +agsfApmg,

i, — fits . . .
—r = (a4p — agp) BARM, + (ay3 — agz) AR + aguff Aptiy,
mg,., = ﬁl4'

In the first step, taking a discrete inner product with (3.17) by 2, yields

=~ 12 2 =~ 2 =~ 12
||m2||2 - ”mn“Z + ||m2 - mn”z + 2a22ﬂk||vhm2”2 = 0:

(3.16)

(3.17)
(3.18)

(3.19)
(3.20)

(3.21)

with an application of the summation-by-parts formula. Similarly, taking a discrete inner

product with (3.18) by 2m3, with (3.19) by 2my, turns out to be

If3ll5 — g I3 + s — My ll3 + 2as3 Skl V1|3
= 2(ag, — azp)Bk(Vyiy, Vi),

I ll5 — lI/sl5 + [l — 1ias]|5 + 2a44 Bk V15
= 2(azy — a42)Bk(Vyriny, Vyiing) + 2(az3 — ag) fk(Vymig, Vyiiy).

Subsequently, a summation of (3.21)—(3.23) gives

(1174113 — My l13 + Iy — m, |13 + [lig — 1,13

+ ||y — i3 |13 + 2a55 Bk Vi1, |15 + 233 K|V 1515

+ 2a44 B Vy1ing|l5 = 2(agy — azp) Bk (Vyiiy, Vyiis)

+2(asy — a42) BR(VyTity, Viiig) + 2(ass — ags) Bk(Vytitg, V).

In turn, an application of Cauchy inequality reveals that
2(agy — asy)Bk(Vymy, Vptits) < |asy — ag| Bk(|| Vs ll3 + [ Vymis|l3),
2(azy — a42)Bk{Vym,, Vi) < |a42 - a32| ﬁk(thTﬁz”% + ||Vhﬁ14||§):
2(as — ag3)Pk(Viris, Vi) < |ags —ags| Bk(II V3 + [V, migll3).
Going back (3.24), we arrive at
1174115 — lmy |15 + 1y — m |13 + [l — i[5 + ||y — |3
+ 2055 Bk V1t |13 + 2a33 Bk Vsl + 2a44 B k|| Vi3
< lasy — agy| Bk(IVhtio |13 + | Vpris13) + \a42 - a32| Bk
UIVaiall3 + 1V rigl3) + |ass — ass| BRUIVamsl3 + [ Vaigll3).

(3.22)

(3.23)

(3.24)

(3.25)
(3.26)
(3.27)

(3.28)
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Of course, a careful simplification reveals that
(1174115 — 1|13 + [|fiy — m I3 + Iy — it |3 + ||, — 1513 + (2a,
=2
—lasy —ag|— |a42 _a32|)ﬁk”vhm2”2 +(2a33 —lagy —agxp|— |a43 —a33|) (3.29)
BRIV hiits |3 + (244 — |asz — aza| — | ass — azs|)BKIViriyll3 < 0.

Because of the fact that m,,; = fir4, an £°°(0, T;£2)N£2(0, T; H;) bound of the numerical
solution could be derived for the IMEX-RK3 scheme, under the stability condition as follows:

2095 — (lagy — agy| + [as2 —asy|) >0,
2a33 — (|agy — agy| + [as3 —asz|) >0, (3.30)
2a44 — (|asy — azo| + |ass — az3)) > 0,

which is equivalent to
2ay5 > |agy — ag| + |as — asy|,
2a33 > |agy — ag| + |as3 —ass|, (3.31)
2044 > |a42 - a32| + |a43 - 033| -

We are interested in whether there is a third order IMEX Runge-Kutta method that
simultaneously satisfies (3.31) and (3.8). It is obvious that there are infinite set of solutions
corresponding to the linear part and nonlinear part through numerical calculation. Here
we provide a Butcher tableau which satisfies these conditions.

0 0 0 0 0 0 0 0 0
0.62500000 | 0 0.62500000 0 0 0.62500000 0 0 0
0.31347352 | 0 —0.23587004 0.54934357 0 0.17055712  0.14291640 0 0

1 0  0.08500000 0.68187464 0.23312535 0 0.45000000  0.55000000 0

[0 0.08500000 0.68187464 0.23312535 | 0 0.08500000 0.68187464 0.23312535
Consequently, the marching algorithm in IMEX-RK3 at time step t,, becomes
ﬁll =my,
i, = m; +0.62500000kN (ri1;) + 0.62500000k L (1),
fiy =i, +0.17055712kN () + 0.14291640kN (r1,)
{ —0.23587004k L(r,) + 0.54934357kL(ri3),
i, = 11y + 0.45000000kN (ri,) + 0.55000000kN (ri13)
+0.08500000k L(ri1,) + 0.68187464k L(r3) + 0.23312535k L(ri1,4),
m, 1 = 1i1; + 0.08500000kN (ri1,) + 0.68187464kN (1i13) + 0.23312535kN (11 ,4)
+0.08500000k L(ri1,) + 0.68187464k L(r3) + 0.23312535k L(1i1,4).
(3.32)

4. Some preliminary inequalities

In this section, some preliminary inequalities are reviewed, which will be useful in
the error analysis presented in the next section. Proofs of the standard inverse inequality
and discrete Gronwall inequality can be obtained in existing textbooks and references, see
[14-16,29]; here the results are just cited.
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Definition 4.1 ({2 inner product, ||-||, norm). For grid functions f and g, that take values
on a uniform numerical grid, we define

<fh:gh>=hd Zfz'gh

TeAg
where A, is the set of grid point, and I is an index.

In turn, the ||-||, norm turns out to be

”fh”z = (<fhsfh>)1/2.

Furthermore, the discrete H! norm is introduced as

allis = 1£ally + 9l

Definition 4.2 ( The discrete |||, and ||-||, norms). For grid functions f that take values
on a uniform numerical grid, we define

o = max o ||fh||p=(hdz|fl|p) lepesoo,

IEAd
IeAy

Lemma 4.1 (Summation by parts). For any grid functions f; and g, with f; satisfying the
discrete boundary condition (2.2), the following identity is valid:

(—Dnfro8n) = (Vifn Vign)- (4.1)

Lemma 4.2 (Inverse inequality). [14-16]. For each vector-valued grid function f, € X, we
have

Ifalloo < YR Y2(f 4l + 190 f nll), (4.2)
3_3
Ifnlly < 7R GO f4lly, V2 < g < +o00, (4.3)

in which constant y depends on €, as well as the form of the discrete || - ||, norm.

Lemma 4.3 (Discrete Gronwall inequality). [29] Let {aj}j>0, { /Bj}j>0, and {wj}j>0 be
sequences of real numbers such that and we have the following discrete estimate:

j—1
aj Saj+1,ﬁj20 and W; Sa]-f-Z[J’la)l,V]ZO (44)
i=0

Then it holds that

j—1
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5. Convergence analysis for the proposed IMEX-RK3 scheme

A theoretical analysis of any third order accurate, IMEX-RK scheme is very challenging,
which comes from its multi-stage nature and highly complex nonlinear terms in the vector
form. For the sake of simplicity, we will focus on the IMEX-RK3 scheme (3.32). Note that a
simplified nonlinear LL equation is considered, and only the damping term is considered.
The convergence analysis of the proposed method is provided in this section.

5.1. Convergence analysis of the IMEX-RK3 scheme (3.32) for the nonlinear
LL equation

Taking a simplified nonlinear LL equation (2.1) into consideration in this part, in which
the gyromagnetic term is skipped:

m, =—am x (m x (eAm + f)). (5.1)

For any vector function m with |m| = 1, the nonlinear term N(m) could always be rewritten
as follows, with a notation of 8 = ae:

N(m)=—amx(m x (eAm+ f))—pAm
=B(Am+|Vm|?m)—am x (m x f)—BAm (5.2)

=B|Vm|*m —am x (m x f).

On the other hand, the notation A; V;, stands for the second approximation to the gradient
operator. In fact, it is an average gradient operator defined for the gird function m =
(uh, Vh,Wh)T S X, as Ahvhmh = thhmh and Ahm = (Axllh,AyVh,AZWh)Z

Ui je T Uizjg Vijjb T Vi1 Wije T Wije
Adije=—>5 A= 5 AW T— 5
Accordingly, the discrete form of the nonlinear term is represented as

Ny(m) = BlA,Vym|>m —am x (m x f). (5.3)

For the sake of convenience, all coefficients are kept with four significant figures, which
will not affect the convergence analysis. The actual numerical tests are kept with the orig-
inal eight significant figures. In turn, the IMEX-RK3 scheme could be expressed as follows

( 1 n»
, = 11y + 0.6250kN;,(1i1;) + 0.6250k Ly (71,),
4 = 1] + 0.4500kN,,(1i1,) + 0.5500kN;,(1i15)
+0.0850k Ly, (171,) + 0.6819k Ly, (113) + 0.2331k Ly, (1i14),
m, ., =1, + 0.0850kNy (1f1,) + 0.6819kNy (if13) + 0.2331kNy, (i1,)
+0.0850k Ly, (171,) + 0.6819Kk Ly, (1f13) + 0.2331k L, (1ir4).

(5.4)
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Of course, this numerical system could be equivalently rewritten in the following form, to
facilitate the Runge-Kutta analysis:

% = 0.6250N,,(ri1;) + 0.62503 A, 11, (5-3)
& ;—mz = —0.4544N(1#,) + 0.1429N;, (1) — 0.8609B Ayrit, +0.5494B Aytits,  (5.6)
o ; iy _ —0.1706N,,(ri1,) + 0.3071N,,(rir,) + 0.5500N,,(rir5)

+0.3209B Aty +0.1325B Ayri; +0.2331 Ay, .7
Mt ZMs _ _0,3650N; (1ty) +0.1319N,(125) + 0.2331Nj (). (5.8)

k

The main theoretical result of the convergence analysis is stated below.

Theorem 5.1. Assume the exact solution ® of (5.1) satisfies the regularity assumption: De-
note m" (n = 0) as the numerical solution obtained from (5.4), or equivalently (5.5)-(5.8),
with the initial error satisfying ||P,®(-, to) — mglly + (k|| VL(P,®(-, tg) — mo)”z)% = O(h").
Additionally, a linear refinement assumption that C;h < k < Cyh is made (with Cy, C, being
two positive constants) and the condition k < C 'h is also made to ensure the convergence (C '
is independent of k and h, only depends on M). Then the following convergence result holds
forl1<n< L%J as k,h go to zero:

1
[1@(, tp) —m"|ly + (k[ V4(2(, t,) —m™)l5)? < C(k® +h?), (5.9)
in which the constant C > 0 is independent of k and h.

First, we construct an approximate solution = & + h>¢(), so that an O(h*) spatial
truncation error is obtained. Such a higher order consistency is important in the later

analysis to bound the || - ||,,1.0 norm of the numerical solution. It is noticed that e is
h

a spatially continuous function, and its construction will be obtained using a perturbation
expansion, which depends solely on the exact solution ®. Moreover, a higher O(k® + h*)
consistency has to be satisfied with the given numerical scheme (5.5)-(5.8).

In more details, we introduce a higher order approximate expansion of the exact solu-
tion, since the second order spatial accuracy, associated with the centered difference ap-

proximation, is not able to control the discrete || - [|,;;1..c norm of the numerical solution,
h

which is needed in the later convergence analysis. In turn, instead of substituting the exact
solution into the numerical algorithm, a careful construction of an approximate profile is
performed by adding an O(h?) correction term to the exact solution to satisfy an O(h*)
truncation error. Afterwards, we analyze the numerical error function between the con-
structed profile and the numerical solution, instead of a direct comparison between the
numerical solution and exact solution. Such an improved consistency will lead to a higher
order convergence estimate in the £°°(0, T;¢*) N ¢*(0, T; H,;}) norm, which in turn yields a
desired || - ||Whl,oo bound of the numerical solution, with the help of the inverse inequality.
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Similar techniques has been reported for a wide class of nonlinear PDEs; see the related
works for the incompressible fluid equation [22,23,41,42,44-46], various gradient equa-
tions [9, 30, 31, 37-39], the porous medium equation based on the energetic variational
approach [19-21], nonlinear wave equation [48], etc.
An application of the centered finite difference discretization to the exact solution &
gives
&, = BIAL V@2 — ad x (& x f)+ BA,D +h2gP +0(h™), (5.10)

which comes from the Taylor expansion in space. In more details, the function g is
smooth enough and only depends on the higher order derivatives of ®. Subsequently, the
spatial correction function ) is given by the solution of the following linear differential
equation

8,2 =past) + p(|ve)’e® + 2(ve - ve))s)
(5.11)
—a(@xeW+aM x (@+f))-g@, oW(,r=0)=0

with homogeneous Neumann boundary condition. In fact, (5.11) is a linear parabolic PDE,
and the existence and uniqueness of its solution could be derived by making use of a stan-
dard Galerkin procedure and Sobolev estimates, following the classical techniques for time-
dependent parabolic equation [43]. Moreover, the solution of (5.11) depends only on the
exact profile ® and is smooth enough. Similar to (5.10), an application of the finite differ-
ence discretization to ®() gives

8,8D =p (14, 7,28 + 2(4, 7,8 - 4,7, 20} ) (5.12)
—a(@x oM +0W x (@+ )+ pa,e) —g® + o). |

In turn, a combination of (5.10) and (5.12) leads to the following higher order consistency
estimate for ® = & + h2e():

@, = BlALV,2P® —ad x (& x f) + A2 +O(h*). (5.13)

Moreover, we extend the approximate profile ¢ to the numerical ghost points, according
to the extrapolation formula:

¢ $

2ijo=2ij Lijn, T 2N (5.14)

and the extrapolation for other boundaries can be formulated in the same manner. In
addition, we are able to prove that such an extrapolation yields a higher order O (h5) ap-
proximation, due to the fact that

le=0, goM=0, at z=0,1.

Given the exact solution ¢, we denote " = ®(-,t™"). In addition, another three inter-
mediate approximate solutions need to be constructed at each time step, to facilitate the
Runge-Kutta analysis, following the same algorithm as in (5.4):
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™2 = " + 0.6250kN;, (®") + 0.6250k B A, ™2 (5.15)
3B = @™ +0.1706kN;,(®") + 0.1429kN;, (™)

—0.2359k B AP +0.5494k A, (5.16)
™ = @™ + 0.4500kN;, (™) + 0.5500kN;, (™)

+0.0850k AP +0.6819kS A, +0.2331kB A, (5.17)

in which the homogeneous discrete Neumann boundary condition (similar to (5.14)) is
imposed for (), j = 2,3, 4. Moreover, the careful Taylor expansion (related to the IMEX-
RK3 method) reveals the following consistency estimate of the constructed solution at the
next time step with ||7"||, < C(k® + h*).

"1 = 9" 4 0.0850kN, (™) + 0.6819kN;,(™)) + 0.2331kN,, (™)
+0.0850kB A, +0.6819kf A, +0.2331kB A, + kt".  (5.18)

Clearly, by performing a similar transformation as in (5.5)—(5.8), the constructed pro-
files ®", ®"*! and $™0) (j = 2,3, 4) satisfy the numerical system:

(i')n,(Z) — "

= 0.6250N;,(®™) + 0.62508 A, ™3, (5.19)
B3 _ pn(2) . . .
= 04544N,(@") + 0.1429N,,(6™(*) — 0.8609B4,8™? + 0.5494 A, &™),

(5.20)
Fn.4) _ §n3) y )
— = —0.1706N;,(®") + 0.3071N,,($™?) + 0.5500N;,($™>))
+0.32098A,9"@ +0.13258A,8™®) +0.23315A,™, (5.21)
q)n+1 _ &)n,(4) . . .
— = —0.3650N,,(™®) 4+ 0.1319N,, ($™*) + 0.2331N,, () + 7. (5.22)

Since the constructed profiles ™) (j = 2,3,4) only rely on the approximate solution
$", the consistency estimate reveals that

(i 9
12" | o0, 18Pl 0o < 3’

, (5.23)
V52 oo, IVAE" W]l oo < C*,  j=2,3,4.
Therefore, we define the numerical error functions as follows, at a point-wise level:
gk :gk_mk: k= n,n+1,
(5.24)

enl) — phi™P _ m;, j=2,3,4.
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Again, instead of a direct comparison between the numerical and exact solutions, we an-
alyze the error between the numerical solution and the constructed approximate solution,
due to its higher order consistency. Moreover, the following nonlinear error terms are in-
troduced to simplify the notation:

NLE™® = Ny (@") — Ny (m,),

‘ - (5.25)
NLE®() = Nh(q,n,(l)) _Nh(ﬁlj)’ j=2,3,4.

In turn, a subtraction of the numerical algorithm (5.5)-(5.8) from the consistency esti-
mate (5.19)-(5.22) leads to the following numerical error evolution system:

én,(Z) —e"
£ _ (1) 5n.(2)

— = 0.6250NLE™M +0.62508A,™2), (5.26)
o3 _gn(2)
— = —0.4544NLE™V + 0.1429NLE™® — 0.86098 A,6™? 4 0.5494B A,e™), (5.27)
e _gn(3
— = —0.1706NLE™® +0.3071INLE™® + 0.5500N LE™(®

+0.3209BA,6™@ +0.13258 7,63 4+ 0.2331p4,6™™, (5.28)
en+1 _ én,(4)
= _ ,(2) n,(3) n,(4) n
— = —0.3650NLE™® +0.1319NLE™® + 0.2331NLE™® + 1", (5.29)

In order to established the convergence analysis, it is necessary to bound the nonlinear
error term. For the sake of notation simplicity, a uniform constant C is used to represent
all controllable constants.

Lemma 5.1. Under the regularity estimate (5.23) for the constructed profiles, and the follow-
ing bound in the IMEX-RK stages
- S - = .
Iisllos < 5. IVaitjlloo < Ci=C*+1, j=2,3,4, (5.30)

an || - ||, estimate for the nonlinear error terms is available:

INLE™ M|y < M(lle" 2+ 1V re"ll2), (5.31)
INLE*D|ly < M(IE™Dlly + 1V, Vllp),  j=2,3,4, (5.32)
in which M only depends on a, B, C*, C, and the external force term f.

Proof. For simplicity, only the nonlinear error term ||[NLE™)||, is considered, and the
estimate of ||[NLE™Y)||, could be derived in the same manner. In fact, a careful expansion
of the term NLE™W) indicates that

NLE™® = Ny(@") — Ny(m,)
= BlALV, 2" Pe" + ﬂ(Ahvh@n +m,) 'Ahvhgn)mn (5.33)

—am, x (e" x f)—ae" x (2" x f).
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As a result, a direct application of discrete Holder inequality yields

|pranwienier

, S PIVi2"IE, -llell < CBC)*lle" 2, (5.34)

Hﬂ(Ahvh@" +m,) 'Ahvhén)mn

< BUIVEE oo + VM, lleo) - IVRE™ 2 - 1My ] 0o
< CB(C* + O)IVre" o, (5.35)

am, x (" x f) \2 < allmyllos - [1flloo - i€l

S5a
< TCOHEHHZ < CaCylle™|l,, (5.36)

ae” x (2" x f)‘ , S all@loo  llflloo - lle™l;

oa
< gCollg”llz < CaCylle™|l,, (5.37)

in which the summation-by-parts formula (4.1) and the bound (5.30) have been applied,
along with the fact that ||-|| .o bound for the external force term: || f||oo < Cp. A substitution
of (5.34)-(5.37) into (5.33) leads to the nonlinear error estimate (5.31), by taking M =
C(B((C*)?+C*+ C) + aCy). The proof of Lemma 5.1 is finished.

Before proceeding into the formal error estimate, the following a-priori assumption is
made for the error function at the previous time step:

le"ll, <k% +h%,  [[Vne'lly <k +R%. (5.38)

As stated above, the multi-stage nature of the third order Runge-Kutta scheme, as well as the
complicated nonlinear terms, make the theoretical analysis highly challenging. Therefore,
the error estimates at each RK stage are separately discussed.

Error estimate at Runge-Kutta Stage 1 In the first stage, by taking a discrete inner
product with (5.26) by 2e™?), it follow

€D E— e + "2 — "3 + 2 BRIV, D2 = k(NLED, &), (5.39)

based on an application of the summation-by-parts formula (4.1), and the discrete ho-
mogeneous Neumann boundary condition for ™). In terms of the inner product term
associated with the nonlinear error, the following estimates are derived:

(NLE™™, &) < [NLE"D], - [P,
< M(ne“nz +1IV4e" ) - 1€
M  625M?

p
S+ B e+ (5 +

(5.40)
e,
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in which the Young’s inequality has been applied in the last step. In turn, we denote C; =
%(% + 625M° ), and see that the right-hand side of (5.39) is bounded as

B
5k 3 5. Bk )
- (NLEMD,&n2) < Silklle" 3 + 5= 1 Viell; + Caklle™ @1, (5.41)

Its substitution into (5.39) yields

. . 5 .
16m@12 — |le™||2 + []e™P) —e||2 + Z/sknvhe"’@)né

- Bk .
Wiklle" I + 5 o= 1Vhe 13 + Cuklle™ 3. (5.42)

| vl

Furthermore, under the linear refinement requirement C;h < k < Cyh and the assumption
that k is sufficiently small, the rough error estimates could be obtained as follows

14 Cyky
16|, < (1 Al Czk)z(k% +h3) <20k +hi), (5.43)
— Y1
1
IV, @, < B72k2(1+ Cok)” (k¥ +h5) < k¥ +13, (5.44)

by taking C, = % + zéjﬁ due to the a-priori assumption (5.38). Likewise, the || - || oo bound
for both the numerical error function é™® and the numerical solution i, are available:

7
- _ . . k3 9 1
17300 < vRV2([16%P)), + [|V,6"P|,) < y(h—l +hi) < 5 (5.45)
2
k4
3 5
IV,8" oo < vh2 1V, Pll, < v~ +hi) <1, (5.46)
h2
- = - 9 1 5
M5l < 18™P]| o0 + [16"P]| o < sts= o (5.47)
IV hiitslloo < IV43"P| o + V6P| o < C*+1=C. (5.48)

Error estimate at Runge-Kutta Stage 2 Similarly, taking a discrete inner product with (5.27)
by 2&™®) leads to

6" O3 = Il D + ()69 = &" P2 + 1.0988 k]| 78" |12 =

(5.49)
—0.9088k (N LE™™M ™)) 40,2858k (NLE™® &™)y +1.7218Bk(v,e™?, v,e™(®).
A bound for the last term on the right-hand side is straightforward
1
Ve v,em®) < ~(|v,e |2 +[|v,e>P|2),  so that
(Vh n€") < SUIVRE™ T + 1VRe™ 1l (5.50)

1.7218Bk(v,e™?), v,&™3)) < 0.8609Bk(||V,e™ |2 + ||V, 3)|2).
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The nonlinear error terms, as well as the corresponding inner product, could be analyzed
in a similar manner with the help of Lemma 5.1, which implies the estimates as follows:

M 5 M 1136M2
(NLED e < —[le"||2 + —— b Ve ”||2+(— —a
2 4544 56

M 1429M2
Len®,e®) < Mgz S0 yg gy M, 120
2 1429 208
under the regularity estimate (5.23) and the bound (5.3 1)—(5.32). Subsequently, a substi-
tution of (5.50)-(5.52) into (5.49) yields

183 — g3 + 1e® —&™2||7 + 0.2379pk v, e |3 —0.8619 5k

e @2, (5.51)

e @2, (5.52)

|V,e™@||2 < 0.4544Nklle" || + 1’%”%@"”2 +0.14290Mk|[e™@||2 + C3k||e™)|12,
; ; (5.53)
with C3 = 0.9088(% 1136M ===)+0. 2858(M 1422(%/[2 ). Furthermore, its combination with (5.42)
indicates that
)2 — [le"]2 + [} — &n P2 4 |62 — 72

5.~
+0.3881Bk[[V,e™ |13 + 0.2379Bk(|V,&™P)||5 < (0.4544 + PMEle"; (554

3
2500 Ve 12 + (0.1429M + Cy)kl[e™P)]|2 + C3k||e™®)|2.
Applying the a-priori estimate (5.38) and (5.43), it follows that
14 C4k
~n,(3) 4
e, < (5 Ck) (k3 +h%) < 2(ki+h?), (5.55)
1
Iv,6"®)|l, < V5B 2k72(1+ Cuk ) (ki +h%) < ki +h+, (5.56)
h 4

by taking C, = C; + 1.2223M + 2?)@0 and under the linear refinement requirement C;h <
k < Cyh. In turn, the || - ||oo bound for both the numerical error function &™) and the

numerical solution ri; are revealed:
7

- _ - . k4 9 1
e Ploo < yh2([[6™ )], + V4" l) < Y(h_l thi)<s,  (557)
2
~ _3 ~
V16 loo < vh™2|| Ve, < 1, (5.58)
. = . 9 1 5
Iitslloo < 19" oo + 1" loo < 2+ 5 =2, (5.59)
IV4rt3ll00 < 1V 8" P log + 176" Pl oo < C*+1=C. (5.60)

Error estimate at Runge-Kutta Stage 3 Taking a discrete inner product with (5.28) by
28™4 yields

|82 — (g2 + [|g*) — &mB)||2 + 0.46626 k|| V6™V |2
= —0.3412k(NLE™D g™®) 4 0.6142k(NLE®?) ey 4+ 1.1k(NLE™®) e™®)  (5.61)
—0.6418Bk(v,e™?, v,e™*) —0.2658k(V,e™®, v, &™),
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As described above, the nonlinear inner product for gradient terms on the right-hand side
could be controlled in the same way as in (5.50):

1
(V3" @, g @) < SV 2N + 1Vie@I3), s tha

(5.62)
0.6418Bk(V;e™?, v, 8™") < 0.32098k(||V;e™@|12 + ||V,e™P||2),
1
(V3" g @) < SV + 1Vg @), so tha 5.63)
0.2658k (V™) v,e™W) < 0.1325B8k(||V,€™ |2 + [|v,e™@)||2),
N M 58 M  853M?_ .
(NLEMD &) < —|le"||2 + Vel + (—+ @,
2 1706 108
M 58 M  3071M?2
NLE“’(Z),é“’(4) < = én,(Z) 2 v, " J(2))12 ovren én,(4) 2, 5.64
{ ) < 5 I ll5 + 3071” ne™ 5+ (2 208 )| 5, (5.64)
N M. B N M 2751\712 N
(NLEM®), en(®) < Z-je" D3 + -1Vl +( eI,

with the help of the a-priori bound (5.38) and the regularity estimate (5.23). As a conse-
quence, a substitution of (5.62)—(5.64) into (5.61) leads to

e @2 — [|gmB))|Z + []em® — 3|2 + 0.0128 Bk V6™ P)|2
—0.3219Bk||V,e™ P2 — 0.13358k||V,e™ 3|12 < 0.1706M k| |e"||2 (5.65)
+0.001Bk[|V4e"||% +0.3071N k6™ ]2 + 0.55Mk||e™®)||2 + Csk||e™ ] 2,

with Cg = 0.3412(4 + 853’” 833M%y 1 0.6142(4 + 302732712)+ 1.1(% + 275M ). In turn, its combi-
nation with (5.54) gives

||én,(4)||2 ||en||2+ ||~n ,(2) n||2+||~n ,(3) Nn(2)||2+ ”Nn(4) ~n,(3)||§

+0.0662Bk[|V,6™ P2 +0.1044 k|| V63|12 + 0.0128B k|| V6|2

< 1.25MKk]e"]|2 + 0.00258k||V ,e"||2 + (0.45M + C; )k||e™P||2
+(0.55M + C3)k[[e™®)|12 + Csklle™®)] 2.

(5.66)

Similarly, with the help of the a-priori estimates (5.38), and the bound derived in the
first and second RK stages, we arrive at the following rough error estimates at stage 3, by
taking Cg = C; + C5 + 2.25M + 0.0025p:

1+ Cek
— Csk

le~®1l; < (3 ) (ki +h7) < 2(k7 +h7), (5.67)

1
IV, @|l, <93k 5(1+ Cek ) (k¥ +h%) < k3 +h%. (5.68)
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In turn, by the aid of inverse inequalities, the || - ||oo bound for both the numerical error
function é™(* and the numerical solution i 4 could be derived as follows
% 1
9
16" Dl oo < yh2(I[E™ D]l + (7,6 D]1,) < y(h—l thi)<o, (569
2
" -
V3" Plleo < yh72 (V4" P, <1, (5.70)
- 9 1 5
figlloo < 18" Ploo + 118"l < = + ===, 5.71
IM4lloo < I loo + 116" Moo = o+ =7 (5.7D
IVhiitgllco < 1V, @" P loo + [[V4e™Plloo < C*+1=C. (5.72)

Error estimate at Runge-Kutta Stage 4 Similar to the previous analysis, taking a discrete
inner product with (5.29) by 2e"*! results in

”gn-klllg _ ||é"’(4)||§ + ”gn+1 _én,(4)”§ _2k<Tn,gn+1)

(5.73)
= —0.73k(NLE™® &™) +0.2638k (NLE™®, &™) + 0.4662k (NLE™® e"t1).
A bound for the local truncation error inner product term is obvious:
1
(the") < E(IIT”Ilﬁ +lle™H13). (5.74)
Likewise, the estimates for the nonlinear error terms could be similarly performed:
M M 3651\712
NLEM) gn+1 52 P g sn@2 4 2,
( ) < || 115+ 730|| e 213 (< 26 e™ I3
M M 13191(42
NLEn(B) n+1 ~n,(3) 2 /5 v én(B) 2+ en+1 2 5.75
( ) < GIOIE + ZEIvie I+ (g + =l B, (575)
M 1\71 2331M2
NLEH (4) Tl+1 ~n,(4) ﬁ Vv.é ~n,(4) en+1 2'
( ) < GO + Vi DI+ (5 + 2 e B

Subsequently, a substitution of (5.74)—(5.75) into (5.73) yields

lle™ 15— 11e™ @13 + [le™! —&™ @13 —0.001pk|| Ve 2)||3
—0.001BKk||v,&™®||2 —0.001Bk||V,e™™||2 < 0.3658k||e™ 2|2 (5.76)
+0.1319Mk|[e™®)|2 + 0.2331Mk||e™ @] + C/klle™ |12 + k(|71 + le™12),

with C; = 0.73(% + 250 + 0.2638(% + L2190 + 0.4662( % + Z2UL). Its combination
with (5.66) leads to

lle™ 13— lle™[15 + lle™® —e™||3 + [ —&mP|[3 + [|e"* ! — &3
+0.0652Bk[|V,6™ P2 +0.1034Bk||V,£™ 3|12 + 0.0118Bk||V,e™*)||2
< 1.25Mk]|e"]| + 0.00258k||Ve"||% + (0.815M + C,)k|[e™P)|12 + (0.6819M + C5)k

1813 +(0.2331M + C5)klI€™ |3 + Coklle™ 15 + k(II7"l13 + le™13).
(5.77)
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Meanwhile, an application of triangular inequality indicates that

lle™ Iy < (18Pl + lle™ —&™P]l,,  so that

Crklle™ 5 < 2C,k([le™P|3 + lle™*! —&™P|3), and

1
2C,k|le™! —&m||2 < Ellg’”l —&™™|12, provided that C;k < 3,

(5.78)

which is always valid under the linear refinement requirement, C;h < k < C,h, and the as-
sumption that k and h are sufficiently small. Therefore, a substitution of (5.78) into (5.77)
results in

12 2 ~1,(2 2 -~ ~1n,(2)(12 = P 2
e U2 — g2 + ™2 — 3 + 6" — g2 + 6P — gn )

1
+ 5||g“+1 — &2 +0.06528k[|V,e™@||2 +0.1034Bk|| V&™) |2 5.79)
+0.0118Bk||V,&™W||2 < 1.25MKk]e"||% + 0.00258k||V ,e" |2

+ Caklle™ @13 + Coklle™ P13 + Cyoklle™ 113 + k(7" I15 + lle"113),

with Cg = 0.815M + C;, Cg = 0.6819M + C3, and Cyo = 2C; +0.2331M + Cs.

However, the standard ¢2 error estimate (5.79) does not allow one to apply discrete
Gronwall inequality, due to the H }1 norms of the error function involved on the right-hand
side. To overcome this difficulty, we apply the gradient operation on both sides of (5.29),
with the linear refinement requirement k < C 'h, and see that

IV4e" Hly < (V4D + k||, T"|l, + 0.365k|| VLN LE™P)||,
+0.1319k||V,NLE™®)||, + 0.2331k||V,NLE™@|[,,

< |V, W1y + C'[17"l, + 0.365C |INLE>@||,

+0.1319C |[INLE™®)||, + 0.2331C [N LE¥||,,

< 1V3& @l + C'llz"l, + € 11(0.365(/[ 2|, + |76 P]1,))

(5.80)

+C'11(0.1319([6™ ), + |7, P||) + 0.2331(|e" ||, + | V4™ D).
Meanwhile, the following result could be derived at the previous time step:

IVhe™|I? < 2C (|77 Y12 +0.73C M ([|e" 2 @)12 + || v,e"2)|12) + 0.2638C I

(1232 + || w,e" 3| 2) + 0.4662C 1 |[e" 1D +2(0.2331C" M + 1)||v,,&" 2| 2.
(5.81)
In turn, a substitution of (5.81) into (5.79) yields
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12 2 |1zm(2 2 1 13m(3) _ zn,(2))12
lle™ 15— lle™lI5 + 1e™® —e™ |13 + [|e™> —&™2)3

1
+ (69— g2 4 e &2 +0.0652BK( V6" )3

+0.1034Bk[1V,™)||2 +0.0118Bk||V, &™) 2

< 1.25Mk|le"||Z +0.0025Bk(y, (18" VP2 + v, [le" 3|2 + y5]je" W) 12
+ 111V D3 4 1|V, B2 4 5| Ve 3) + Cklle™ )12

+ Cokl[&™ |2 + C1ok|E™ @13 + klle™ |12 + Crak(lIT"]13 + 1713,

(5.82)

lle™ 12— lle™|I3 + lle™ —em||3 + [|e™®) — 3|2 + [|en® — gn()||2

+ %Ilg“+1 —&™™|12 +0.0652Bk||V;&™@||2 +0.1034Bk|| V"2
+0.0118BKk[ V4™ @12 + k(I Ve 113 — [ V4e[12)

< 1.25Mklle"|2 +0.0025 k(111" > P2 + y,le" V|2 + yq e @2 (5:83)
+ 71 1IVRE" 3 + 2|V S + 15 V4" DNE) + k(1111 Ve P13

+ 7oV P12 + 15|V, P|[2) + Craklle™ P2 + Cy5k]6™P)||2

+ Crgklle™ @2 + klle™ 12 + Crsk(IIT™ 12 + 1" 12).

with y; = 0.73C" M, Yo = 0.2638C' M and Y3 =2+ 0.4662C M. Therefore, with the help
of the triangular inequalities:

e @1y < lle™llz + 116" ® — eI,
el < lle"ly + [1E™® — el + [l —&m@]l, (5.84)

16" @ly < lle™lo + 1P — el + 1§ — &, + || —en B,

we get the following estimate:

lle" 12 —[le™||2 + k(I Vae™ 12 — |V 4e™]|2) + (0.0652p — y1)k|| v, ™| 2
+(0.1034B — y2)k||V;&"®||2 + (0.01188 — y3)k|| V™2

< Ck(lle™ M5+ lle™I5 + lle™ M 13) + Crsk(lIT™I5 + IT"H13),

+0.0025Bk (11 V4" M2 + 1, |V, 8" |2 4 4| v,8" 1) 12).

(5.85)

Finally, an application of discrete Gronwall inequality [29] leads to the desired error esti-
mate at the next time step:

lle™ I, + (K[ Vre™ I2)? < (k3 + k%), (5.86)

which comes from the fact that 652 > (258 + 10000)y,, 1034 > (255 + 10000)y,
118B > (258 + 10000)y5, where y; = 0.73C M,y, = 0.2638C M,y3 = 2+ 0.4662C M.
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In particular, the local truncation error estimate, ||7"||?, ||T"}||> < C(k® 4+ h*), was used in
the derivation.

As a result, we see that the a-priori assumption (5.38) has also been validated at the
next time step t"*!, provided that k and h are sufficiently small.

By a mathematical induction argument, the higher order error estimate (5.86) is valid
for any time step. Of course, the convergence estimate (5.9) becomes a direct consequence
of the following identity:

" —m" =e" —h%2eW) (5.87)

which comes from the constructed profile " = ®" + h2®(1", The proof of Theorem 5.1 is
completed.

6. Numerical results

In this section, we perform 1D and 3D numerical experiments to verify the theoretical
canalysis in Section 5. For simplicity, we sete =1, f = 0in (2.8), and a =0.01, =3 in
the next accuracy test. The 1-D exact solution is taken to be

m, = (cos(X)sint,sin(X)sint,cost)’, with X = x?(1 —x)>.
The 3-D exact solution is chosen to be
m, = (cos(XY Z)sint,sin(XY Z)sint,cost)’,

where X = x?(1—x)2,Y = y2(1—y)?,Z = 2%(1—2)?. Clearly the homogeneous Neumann

boundary condition (2.2) is satisfied and a forcing term f, = 3,m, —aAm, —a|Vm,|* +
m,x Am, is included into the nonlinear part N(t, m).

6.1. Accuracy test of IMEX-RK3

In the 1-D computation, we fix k = 0.0001 x h3 and record the error in terms of h in
Table 1, fix k = (1e —03)/(1e + 04) and record the error in terms of h in Table 2.

Table 1: Temporal accuracy check in the 1-D case (k =0.0001 x h%).

K my—mll  Imy—mll, lIm,—m,lm
0.1/3302 1.8064e—04 1.8228¢—04 2.4995¢—03
0.1/3659 1.3617¢e—04 1.3515¢—04 1.8393e¢—03
0.1/4000 1.0275e—04 1.0401e—04 1.4117e¢—03
0.1/4327 8.1831e—05 8.2470e—05 1.1171e—03
order 2.9492 2.9336 2.9782

In the 3-D computation, we also fix k = 0.001 x h3 and record the error in terms of k
in Table 3, fix k = 1/10000 and record the error in terms of h in Table 4.
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Table 2: Spatial accuracy check in the 1-D case (k =(1le—03)/(1e + 04)).

h Imp—mlloe  llmp—mell, [Imy —mllm
1/160 2.8966e—10 8.5153e—11 4.4271e—08
1/240 1.2934e—10 3.7953e—11 1.9679e¢—08
1/320 7.2876e—11 2.1370e—11 1.1070e—08
1/400 4.6676e—11 1.3683e—11 7.0848e—09
order 1.9922 1.9953 1.9998

Table 3: Temporal accuracy check in the 3-D case (k =0.001 x h%).

k |Imh_me||oo ”mh_meHZ ”rnh_rne”H1
1/1587 3.5857¢e—04 2.4600e —04 4.4100e—04
1/2080 1.5051e—04 1.0164e—04 2.0036¢—04
1/2520 8.1408¢—05 5.7072e—05 1.0807e—04
1/2924 5.4348¢—05 3.7012e—05 6.5389¢ —05

order 3.1103 3.1020 3.1180
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6.2. Dependence on the damping parameter

The GSPM method [49] is unconditionally stable with constant coefficients and SPD
structure, while its primary disadvantage is associated with its first-order accuracy in time.
The SIPM [13,50] is indeed a second-order-in-time method, while the non-symmetric struc-
ture and variable coefficients have led to more expensive computational costs. In addition,
the two above-mentioned methods have focused on small damping parameter, neverthe-
less, large damping parameter has also been considered in the numerical design for real
micromagnetics in general. Afterwards, the SIPM scheme (with large damping) in [12] has
greatly improved the computational efficiency, since only three Poisson solvers are needed
at each time step. Meanwhile, this numerical approach only works if o > 1, while most
magnetic materials correspond to @ < 1. On the other hand, for the BDF schemes of or-
ders 3 to 5 [1], coupled with higher-order finite element spatial discretization, a positive
lower bound on the damping a is needed to ensure a numerical stability. In more de-
tails, the damping parameter satisfies a > a; with a; = 0.0913,0.4041,4.4348 for orders
k = 3,4, 5, respectively, for the BDF-k method analyzed in [1]. Therefore, it is worthwhile
to design an efficient and higher order accurate numerical scheme that is unconstrained by
the damping parameter a.

Table 4: Spatial accuracy check in the 3-D case (k =1e—04).

h ”mh_me”oo ”mh_mellz ||mh_me||H1
1/4 8.1432e —05 5.7082e —05 9.3202e —05
1/5 5.4354¢ —05 3.7020e—05 6.1874e—05
1/6 3.6180e—05 2.6471e—05 4.0970e—05
1/7 2.7160e —05 1.8529¢—05 3.0914e—05

order 1.9861 1.9881 1.9987
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Figure 2: Temporal and spatial accuracy orders in the 1-D and 3-D domains computations. Top row:
1-D; Bottom row: 3-D.

To investigate the dependence on the damping parameter for the proposed IMEX-RK3
scheme, two different damping parameters, a = 0.01,0.1, are taken, and k = 0.0001 x
h3 is fixed. The results of 1-D and 3-D corresponding examples are presented in Table 6
and Table 7. It is observed that the choice of a is arbitrary, and the third-order accuracy
is preserved in the temporal discretization. Based upon these results, it is clear that the
proposed IMEX-RK3 method works well for general artificial damping parameters. More
comparison results and details are displayed in Table 5. In fact, we set f > 1if a < 1,
and f§ = a if a = 1, then apply the IMEX-RK numerical scheme. As a result, the proposed
numerical method works for a general damping parameter.

Table 5: Comparison between the GSPM, BDF3, SIPM, SIPM with large damping and the IMEX-RK3
proposed scheme.

Property or number Scope of «  Symmetry Accuracy in time
GSPM not arbitrary Yes 0 (k)
BDF3 a>0.0913 No o(k%)
SIPM arbitrary No 0] (kz)
SIPM with large damping a>1 Yes o) (kz)
IMEX-RK3 proposed arbitrary Yes @) (k3)
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Table 6: 1-D numerical errors of the IMEX-RK3 scheme.

k

a=0.001

a=0.1

L L? H!

L® L? H!

=

0.1/3302
0.1/3659
0.1/4000

1.8127e¢ —04 1.8294e — 04 2.4964e — 03
1.3680e — 04 1.3565e — 04 1.8368e — 03
1.0323e —04 1.0439¢ — 04 1.4099e — 03

1.7463e —04 1.7719e — 04 2.5257e — 03
1.3054e — 04 1.3129e — 04 1.8604e — 03
9.8705¢ — 05 1.0104e — 04 1.4273e — 03

order

29311 2.9253 2.9796

2.9715 2.9289 2.9762

0.1/3302
0.1/3659
0.1/4000

1.8127e¢ —04 1.8294e — 04 2.4964e — 03
1.3680e —04 1.3565e¢ — 04 1.8368e — 03
1.0323e — 04 1.0439e — 04 1.4099e — 03

1.7463e —04 1.7719e — 04 2.5257e — 03
1.3054e —04 1.3129e — 04 1.8604e — 03
9.8705¢ — 05 1.0104e — 04 1.4273e — 03

order

2.9311 2.9253 2.9796

2.9715 2.9289 2.9762

0.1/3302
0.1/3659
0.1/4000

1.8127e¢ —04 1.8294e — 04 2.4964e — 03
1.3680e —04 1.3565e — 04 1.8368e — 03
1.0323e —04 1.0439¢ — 04 1.4099¢ — 03

1.7463e —04 1.7719e — 04 2.5257e — 03
1.3054e —04 1.3129e — 04 1.8604e — 03
9.8705¢ — 05 1.0104¢ — 04 1.4273e — 03
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order 2.9311 2.9253 2.9796 2.9715 2.9289 2.9762

7. Conclusions

In this paper, we propose a third-order implicit-explicit Runge-Kutta (IMEX-RK3) nu-
merical method to solve the Landau-Lifshitz equation. By introducing an artificial damping
term, IMEX-RK method can achieve higher-order accuracy in time, with the order condi-
tions satisfied. In the framework, we construct the third-order implicit-explicit Runge-Kutta
scheme, and the stability condition is imposed. Moreover, in spite of the multi-stage na-
ture and its complicated nonlinear terms, a rigorous optimal rate convergence analysis of
this IMEX-RK3 method is provided. It is worth mentioning that the convergence analysis is
valid for all damping parameter a > 0. In addition, its numerical accuracy and the insensi-
tive dependence on the artificial damping parameter a have been verified in both the 1-D
and 3-D computations. Numerical results have demonstrated that the IMEX-RK3 method
works well for a general damping parameter, regardless of the small damping parameters
in real micromagnetics simulations or the large damping parameters in theoretical works.
In summary, the proposed numerical scheme not only preserves higher order accuracy and
higher computational efficiency, but also its stability is not restricted by the magnitude of
damping parameters, in comparison with many existing numerical methods.
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