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1. Introduction

The liquid crystal is a very important model with potential applications in physics and chemistry [1,2]. The prototypic
for continuum models in ferromagnetics [3] and liquid crystal theory [4,5] is based on the following energy, known as
harmonic maps into spheres [6]:

E(u) = %/ |Vu|?dx. (1.1)
2

In turn, its long-time behavior into spheres [6] is given by
u, — Au = |Vu>u, in 2 x[0,T),
opu=0, on 982 x [0, T), (1.2)
u(0, ) =ug, in £.
Here, 2 C RYd = 1, 2, 3) is the domain, 32 represents the boundary, and n is the outer unit norm vector of 352.

The solution for (1.2) has been extensively analyzed in many exiting works. An obvious conclusion which can be verified
by fundamental PDE analysis is that, if |[u| = 1 at the initial time, and then |u| = 1 at any later time. This property could
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be verified by taking inner product with u on both sides. The global existence of weak solution for a linearized eigenvalue
PDE u; — Au — Au = 0 has been proved in [7], under the requirement that |[u] = 1 and A satisfies certain conditions
formulated in the reference. Furthermore, the partial regularity results of this equation have been established in [8]. More
related works about (1.2) can be found in [9-12].

In fact, the energy dissipation property of the harmonic mapping flow (1.2) could be observed in the following fact.
Under the point-wise constraint |u| = 1, we see that the dynamic equation in (1.2) could be equivalently rewritten as

U = —u X (u x Au). (1.3)

In turn, taking inner product with (1.3) by —Au, we arrive at the following energy dissipation law:
1d
2 dt
Also see the related works [13,14] for the Landau-Lifshitz system in the micromagnetics model.

Since an explicit form of the exact solution for (1.2) is not available, an efficient numerical scheme is highly desirable.
Among the existing numerical works, the high-order-accurate schemes are very limited. Bartels presented a stable and
convergent finite element approximation scheme in [15]. Alouges used finite difference methods, which are convergent
in a continuous setting [4]. Vese and Osher also solved a similar equation, so-called p-harmonic flows, whose energy
function is expressed as Ep(u) = fQ |Vu|Pdx, by finite difference algorithm in [16]. Also see [17,18] for the finite element
approximations to the p-harmonic flow. A more recent work [19] reports the motion of singularity development for the
harmonic mapping, based on a first order semi-implicit temporal discretization and the standard centered difference
spatial approximation. Of course, many other numerical methods can also be used to solve this equation, such as the
Fourier pseudo-spectral approximation and others.

In fact, a fourth order and even more accurate spatial discretization is highly desirable, for the sake of its ability to
capture the more detailed structure with a reduced computational cost. In this paper, we propose and analyze high order
(third or fourth order) accurate in time, fourth order long stencil finite difference methods for the harmonic mapping
flow (1.2), with the stability and convergence established at a theoretical level. As is well known, the finite difference
approximation has its advantage of being straightforward in the consistency analysis, based on a direct application of
Taylor expansion. There have been quite a few existing works of fourth order long stencil difference schemes applied
to various nonlinear PDEs, such as incompressible fluid equations [20-23], Cahn-Hilliard equation [24], and Maxwell
equation [25]. We observe that, an application of such a long stencil difference approximation to the harmonic mapping
flow is appropriate, due to the homogeneous Neumann boundary condition. In the temporal discretization, we adopt an
explicit multi-step Adams-Bashforth approach for the nonlinear gradient terms and an implicit Adams-Moulton method
for the diffusion term. This approach has the advantage of handling the nonlinear terms in an inexpensive way, while
providing the stability associated with implicit methods. On the other hand, a straightforward application of high order
accurate Adams-Bashforth/Adams-Moulton will lead to an unstable method, as demonstrated in an existing work [26].
Instead, we look for an Adams-Moulton interpolation so that the diffusion term is more focused on the time step t"+!,
i.e., the coefficient at time step t"*! dominates the sum of the rest of diffusion coefficients. It is discovered that the Adams-
Moulton interpolation which involves the time node points t"t1, t"~1 and t"~3 gives the corresponding coefficients as
2/3,5/12, —1/12, respectively, which satisfies the unconditional stability condition, in the third order temporally accurate
algorithm. Stability and convergence for such a multi-step, semi-implicit method have been provided for the viscous
Burgers’ equation [26] and incompressible Navier-Stokes equation [27]. Its application to the harmonic mapping flow (1.2)
will be analyzed in this work, with an optimal rate convergence estimate available. The fourth order accurate algorithm
could also be derived in a similar fashion.

This article is organized as follows. The numerical scheme is proposed in Section 2, with the main theoretical results
stated. The detailed convergence analysis and error estimate is provided in Section 3. Some numerical results are presented
in Section 4. Finally, some concluding remarks are made in Section 5.

E(u(t)) = (u x (U x Au), Au) <o. (1.4)

2. The numerical scheme and the main theoretical result

The long stencil fourth order finite difference formula is derived by the Taylor expansion for any test function. Over
a one-dimensional domain 2 = (0, 1), we use the cell-centered grid points X;11,, = (i + 1/2)h, with h = % with N
the number of numerical mesh cells. The fourth order approximations to the first and second order derivatives, over a
uniform cell-centered grid, are given by

~ h? fiz32 — 8fic1/2 + 8fiy32 — fixs)2
D;}_(4)fi+1/2 = Dy(1— ED)%)fH—l/Z =1 =y s/ sl

12h
= f'(Xir1/2) + O(h*), (2.1)
2 fi3 + 16fi_12 — 30fis12 + 16fis)s —
D2 finn = D1 — EDi)fm/z _ fiap i-1/2 12;;;1/2 1372 — firs)2
= f"(Xis172) + O(h*), (2.2)
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where Dy and D? are the standard centered difference approximation to the first and second order derivatives, respectively.
See the detailed derivations in the related Refs. [28-31]. These long stencil fourth order finite difference approximations
have been extensively applied to different types of partial differential equations (PDEs), such as incompressible Boussinesq
equation [21,23], three-dimensional geophysical fluid models [20,22], and the Maxwell equation [25].

An extension to the three dimensional domain £2 = (0, 1)°, with the cell-centered grid points (Xi1/25 Yit1/2> Zkt1/2),
is straightforward. The corresponding difference operators in the y and z directions, namely Dy (4), Djw), Dy, (4) DZZ!M),

could be similarly defined. In turn, we denote A ) = D 4 + Dj 4 + D> 4 A careful calculation reveals that D7 ,f =

(Df — %D;‘)f, in which D)Z( is the standard centered difference operator. Furthermore, both operators correspond to non-

positive eigenvalues associated with the Fourier Cosine eigenvectors, and this subtle fact will play an important role in the

stability and convergence analysis. Also see the related works for the Fourier pseudo-spectral numerical methods [32-40].
At each cell-centered grid point (Xi+1/2, ¥j+1/2, Zk+12), the nonlinear terms are evaluated as follows.

UV @ulPWic1/2j01/2k012 = (Vi@ )ie1/2,5401/2.k01/2Wis 12,54 1/2,k41/25 (2.3)
|V @ul® = [Vi@ul® + [Vh@vl® + [V @wl?,
2 1 2 1 fy2
UIVh@f 1172501720012 = Py Ni1j2i01/204172 T Py @f it1/zji2.00102

1 2
HD, wf Vi 2. j41/2.041/2-

The following fully discrete numerical scheme is proposed, with third order temporal accuracy and fourth order long
stencil difference spatial approximation:

utl —u" 2 5 1
v —Ah,(4)(§un+1 +E n—1 Eunf3)
23 4 1,2 - 5 22 o
= E|Vh,(4)un|2lln — §|Vh’(4)lln l| u" 1 + E|Vh,(4)lln 2| u" 2. (24)

Moreover, determination of u at “ghost” points is needed at each boundary section to implement (2.4). In general, using
fewer interior points may lead to improved stability for a given order approximation. For brevity of the presentation we
concentrate on the boundary section I; where z = 0.

Because of the Neumann boundary condition given by (1.2), the value of u on the boundary is not known explicitly, only
its normal derivative. In turn, (2.4) is applied at every interior computational point (Xiy1/2, ¥j+1/2, Zk+1/2), 0 < i,j, k < N—1.
This fact requires one to determine two “ghost” point values, Wi1/2j+1/2,—1/2 and Wi1/2j+1/2,—3/2, to carry out (2.4). We
begin with one-sided approximations around the boundary section I7. For simplicity of presentation, we only focus on the
variable u; the corresponding derivation could be extended to v and w in a straightforward way, since all these variables
are evaluated at the same cell-centered mesh points. Local Taylor expansion near the boundary gives

h3
Uip1/2,j41/2,—1/2 = Uit12,j+1/2,172 — W0 Uip1/2 j41/2,0 — iajuiJr]/Z,jJr]/Z,O + O(h%), (2.5)
on® , 5
Uiy1/2,j+1/2,-3/2 = Uip1/2,j+1/2,3/2 — 3M0zUir1/2j41/2,0 — g Q2 Uin12j41/20 + O(h?). (2.6)

The term 0,uit1/2 j+1/2,0 in (2.5) and (2.6) is known from the homogeneous Neumann boundary condition (1.2). It remains
to determine Bfazum /2.j+1/2,0, for which we use information from the PDE and its derivatives. Applying 9, to the first
evolutionary equation in (1.2) along I, gives

Uy — |Vulfu, — 2u(Vu - Vi, + Vv - Vo, + VW - Vw,) = Uy + Uy + 32u,  on I} (2.7)

The first two terms on the left-hand side as well as the first two terms on the right-hand side of (2.7) disappear, due to
the homogeneous Neumann boundary condition for u. For the third term on the left hand side, we observe that

VUu- -V, = Uy - Uy + Uy - Uy + Wy - Wy =0, on Iy, (2.8)

since u, = v, = w, = 0 on the boundary section. Similar derivations could be made to the two other terms on the left
hand side:

Vv-Vu, =0, Vw-Vw, =0, on [3. (2.9)
Combining all these arguments and substituting them back into (2.7), 8Z3u is approximated along I3 by
823u,-+1/2,j+1/2,0 =0. (210)

Subsequently, plugging (2.10) back into (2.5) and (2.6), we have

Uit1/2j41/2-1/2 = Uir1/254172.1/2 + O(0),  Uir1/201/2.-3/2 = Uir1y2j+1/2.3/2 + O(R). (2.11)
Similar extrapolation formulas could be derived to two other components, namely v and w, and we arrive at the
boundary condition for the numerical scheme (2.4):

n+1 _ i n+1 _ i
Wi12jr12,-12 = Wip12 012,120 Wivty2j+172,-372 = Wir12,541/2,32¢ (2.12)

3
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Analogous formulas follow for the remaining three boundaries. The stability of the above one-sided approximations near
the boundary will be proved in later sections; also see the related works [20-24].

Similarly, a fourth order accurate (in time) numerical scheme could be derived as follows, which combines the
Adams-Bashforth explicit extrapolation (for the nonlinear terms) and the Adams-Mouton interpolation (for the diffusion
term):

uttl — " el 757 g+t 470 o 118 5 43 o)
At 152 1152 1152 1152
5 59 1.2 o 37 92 3 3.2
Zﬂlvh,m)unlzun - ﬂ|vh,(4)“n N+ ﬂlvh,(zx)ll" a2 — §|Vh~(4)“n [fu (2.13)
To carry out the stability and convergence analysis, we have to introduce a discrete £ inner product and ¢?> norm:
N—1
Ifll, = /(f, f), with (f, g) =h> Z Jir17241/2.k41/28i41/2,j+1/2.k+1/25 (2.14)
ij,k=0

for all grid functions f, g evaluated on staggered mesh points. In particular, the discrete inner product of two discrete
gradient vectors is defined as
(Vif, Vig) = (Dif, Dxg) + (Dyf, Dyg) + (D-f, D;g), [IVrfll2 = v/ (Vif, Vif), (2.15)
N-1 N

(Dif, Dyg) = h* Z (Z ai(Dxf)f,j+1/2,I<+1/2(ng)i,j+1/2,k+1/z),
k=0 =0
N—1 N

(D,f, Dyg) = h? Z (Z aj(Dxf)Hl/2,j,k+1/2(ng)i+1/2.j,k+1/2),
jk=0 j=0
N—-1 N

(D.f, D,g) = h* Z(Z ak(sz)i+1/2,;+1/2,I<(ng)i+1/2,j+1/2,k>,

ij=0 k=0

with ap =ay =0,and g; = 1 for 1 <j < N — 1. Notice that the homogeneous Neumann boundary condition is imposed
for f and g, as given by (2.12), in the evaluation of their discrete gradient. In addition, the following summation by parts
formulas will be used in the later analysis:

— (£, A7g) = (Vuf, Vag), (f, Dig) = (D}f.Dg). (f.Djg) = (Df,Dg), (f.Dig) = (Df, D’g), (2.16)

with f and g satisfying homogeneous Neumann boundary condition given by (2.12). Furthermore, the following estimate
is needed in the later stability and convergence analysis.

Lemma 2.1. For f and g satisfying homogeneous Neumann boundary condition given by (2.12), we have

— (£, A8 = (Vif, Vig)(a)

h2
= (Vif., Vig) + S ((Dif. Dyg) + (D)f. Djg) + (D:f. Dzg)). (2.17)
Proof. Because of the fact that D , g = (D; — ﬁDj}) (and similar definitions for D} , and D? ,)), the estimate (2.17)

is a direct consequences of the fol)lowmg identities, which come from an apphcatlon of tlYle summatlon by parts
formulas (2.16):

h? h?
—(f. D} @8 = (D, D:g) + - (Dif, Dyg),  —(f, Dy 48) = (D,f, D,g) + T (Df. D),

h?
—{f. D7 (48) = (D:f, D.g) + - (DXf, Dig). O

In turn, for any f satisfying the homogeneous boundary condition given by (2.12), we introduce the following auxiliary
norms, which will facilitate the later analysis.

[N

I¥aflaco = (193813 + (10203 + 102013 + 102813)) (2.18)
As a result, an application of Cauchy inequality ylelds the following result, in combination with (2.17):
[(Vuf. Vi) )| < 11Vifll2.ca) - I Vigll2, (s (||Vhf||2 @+ [ VhglI3 - (2.19)

In addition, the following estimates are needed in the later analysis.

4
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Lemma 2.2. For f satisfying homogeneous Neumann boundary condition given by (2.12), we have
1Vifll2 < [IVifll2,ca), (2.20)

25
I Vi@fll3 < guvhfn%, with [[Va@fll3 = D} 4fl13 + 1Dy 4fl3 + 1D} 4 fl13- (221)

Proof. Inequality (2.20) comes directly from the definition (2.18). For the inequality (2.21), we begin with the following
observation (based on the definition (2.1):

1 7 7 1
D,},(4)fi+1/2 = _E(Dxf)i—l + E(Dxf)i + E(Dxf)m - E(Dxf)wz. (2.22)

In turn, an application of the Cauchy inequality implies that

1 72
D! i)’ < ( 5D+ Dy + o (DB + (D )m)) (2.23)
Summing over index i, we get
L 1 72 25
193 wfl < 4(2- 555 +2- 25 ) IDI3 = T IDAI3. (224)

Similar estimate could be derived for || y(4)f||2 and ||D Z @ fllg:

25
1Dy wfl3 < 5 IDEIS. 1D} w5 < gnozfn%. (2.25)
Finally, inequality (2.21) is a direct consequence of (2.24) and (2.25). O

In addition to the standard £? norm, we also introduce the 7, 1 < p < oo, and £*° norms for a grid function f € Gy:

LTI

Il = max s zjezical. - Wl = (R Z firzisrzinl?)’s 1P < oo (226)
. i.j,k=0

The main theoretical result of this article is stated below.
Theorem 2.3. For any time T* > 0, we assume that exact solution u, to the harmonic mapping flow equation (1.2) satisfies
the regularity requirement u, € H3(0, T; H*) N L>°(0, T; H®). We denote the u,; as the continuous function as the extension

of the fully discrete numerical solution obtained by (2.4). As At,h — 0 under a linear refinement requirement At < Ch, we
obtain the following result:

”uAt,h — lle”goo(oy-r*:gZ) + ||llA[,h — ue”ZZ(O,T*;Hll) < C(At3 =+ h4) (227)

In the later sections, we denote u and U as the numerical solution and the exact solution, respectively.
3. The convergence analysis
3.1. The consistency analysis

We denote U = u, as the exact solution, and make a symmetric extension at the “ghost" numerical mesh points
(around the boundary section I3 : z = 0):
Uir12j412,-12 = Uiz1p211/2,172, - Uig1y2+1/2,-372 = Uip1/2,j41/2,3/2- (3.1)

The following truncation error estimates can be derived using a high order Taylor expansion in time:
t"+1

U”“—U":f 3. U (-, t) dt,
tl’l

B yurpur - ﬂ|VU”_1|2U”_1 + 2 vurpun = " IVUPPU (-, t) dt + 7"
12 12 At Jn ’ v
with [|T1l,2¢0,7+,12 <car’ ||U||H3(0 T3y = cAL,
2 5 l tTH—l
A <§U"+l + EUnfl _ EUn—3> — Ef AU (-, ) dt + rg’
tﬂ

with [|T2l2¢0,1#,12) < CAf3||UN||H3(o.T*;H2) < CAL.
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This in turn leads to the third order temporal consistency of the approximate solution U:

Uttt —ut 23 4 5
T _ §|vuﬂ|2Un + §|VUH71|2Un71 _ E|VUH72|2UH72
2 5 1
—A <§U“+1 + EU’H - EU”’3> =1}, (3.2)

with [ 73llp2¢0 14,02y < CAt3. Meanwhile, by making use of the consistency analysis for the long stencil difference
approximation, established in a recent work [24], we have

[VU" — Vi U"l2 < Ch*[[U]lys,  |AU™ — Ap @)Ul < Ch*[|U] 6. (33)

Note that such an approximation estimate was derived in [24] based on the periodic boundary condition, which this
analysis could also be applied to the test function with homogeneous Neumann boundary condition. This in turn leads to
the spatial truncation error estimate for the numerical scheme:
2 2
[VU 70" — |V @)U U = Oh*) U s - 0¥)125,  Ap@U* — AU* = O(h*)[U" |6, (34)

H3>
fork=n,n—1,n—2,n—3. A combination of (3.2) and (3.4) yields the desired consistency estimate for the fully discrete
scheme, with third order temporal accuracy order and fourth order spatial accuracy order:

|0 L § L] 4 2 5 2
= 20w URU - 2|V, U - U2ty
; 12| haU' 70" + 3| h,(4) | 1 | Vh,4) |

2 5 1
_ n+1 n—1 n—3 n ; 3 4
= Apa) (3U + U - 5U ) + 7", with [|[7]l20re2) < C (A% +h%). (3.5)
In addition, we have to establish the discrete boundary condition for the exact solution, analogous to (2.12). For simplicity,
we focus on the u, component, and this analysis could be extended to the two other components in a straightforward
way. First, a higher order Taylor expansion around I : z = 0 gives

h3

(Ueix1/2,j+1/2,—172 = (Welit1/2,j+1/2,172 — h(OzUe)iv1/2,j+1/2,0 — i( 3 Ue)it1/24+1/2.0
h° s 7

_ﬁ(al Ue)iy1/2,j+1/2,0 + O(h'), (3.6)

Ue) = (u,) 3h(d,u,) 9h3(83
a2 = (Uedist/2ie1/2.3/2 — 1 21/2.0 — ——(83Ue )1 24412
( e)i+1/2,j+1/2,-3/2 e)i+1/2,j+1/2,3/2 'z%e)i+1/2,j4+1/2,0 S ue)l+]/2 Jj+1/2,0
81h°
—m(azsue)iﬂ/z,jﬂ/z,o + O(h"). (3.7)

Meanwhile, we have to perform similar analysis as in the derivations in (2.7)-(2.10) to obtain an exact value of Bfue
along I7. An application of 823 operator to the first evolutionary equation in (1.2) along I%, as well as careful boundary
evaluations, will result in the following boundary condition for 37 u,:

u, =0, on ;. (3.8)

The details are skipped for the sake of brevity. Therefore, a substitution of (3.8) into (3.6), (3.7) results in the higher order
extrapolation estimates:

(Ue)is1/2.j41/2,—172 = (Uedit1/2j+1/2,1/2 + O(h),
(Uedit1/2+1/2.-372 = (Ue)ir1/2j4+1/2.3/2 + O(h). (3.9)

The same estimates are also available for the components v, and w.. In comparison with the exact extrapolation
formula (3.1), we see that the O(h’) extrapolation error does not cause an O(h*) accuracy order loss (for the spatial
discretization) around the boundary points.

Subsequently, the numerical error function is defined at a point-wise level:

e =uk—u*, vk>o. (3.10)

In turn, subtracting the numerical scheme (2.4) from the consistency estimate (3.5) gives

el e 2 een + Enpent - 2 prpen?
At 12 3 12
2 5 1
= Ah,(4) (§Cn+l + Een_l — Een_3> =+ Tn, (311)
with Vb = |V qut e + (vh,m)(u" +u)® vhwe")u", k=nn—1,n-2. (3.12)

6
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Furthermore, by the boundary extrapolation formula (2.12) and the estimate (3.9), we conclude that

€it1/2,j41/2,—1/2 = @it1/2,j+1/2,1/2s  Cit1/2,j+1/2,—3/2 = @it1/2,j+1/2,3/2- (3.13)
The exact solution has a discrete W% bound

10l ooy < € e U8 Jloo < €, (VAU oo < €, (3.14)

for any k > 0, which comes from the regularity of the constructed solution. Furthermore, making use of the detailed
expansion (2.22) for the D;,M) operator, we get the following bound for the exact solution:

4 4
IVh@U o < 5 IVaU"lloc < 5C7, for any k. (3.15)

3.2. An a-priori Whl’C>O assumption

We assume a-priori that the numerical error function has a Whl’C>O bound at the previous time steps:
leflloe < 1, [IVh€!lloo <1, withk=n,n—1,n-2, (3.16)
so that the Whl'oo bound for the numerical solution at these time steps can be obtained as

000 = U* — € loc < 1U¥]lo0 + l€¥]l00 < C* +1:= G,
Vi [loo = [VAU* — Ve [loo < [IVRUY || + | Ve |l < C* + 1= Co. (3.17)

Similarly, we are able to derive the following bound for the numerical solution, based on the detailed expansion (2.22):
4 4.
Vi@ llee < SIVa oo < 5Co, fork=n,n—1,n-2. (3.18)

Such a Whl’Oo assumption (3.16) for the numerical error function could be recovered at the next time step, via the ¢2
convergence estimate, combined with an application of inverse inequality, as will be demonstrated in the later analysis.

3.3. The £>°(0, T*; £2) N £2(0, T*; H, ) error estimate

Taking a discrete £2 inner product of (3.11) with 2e"! yields

4 5 1
<en+1 —e" 2e”+1) — At <Ah,(4)<enﬂ 421 _ 7en73>’ en+1>

3 6 6
= %At(}\/’ﬁgn, el — gAt(N,CS”_l, e+ %At(./\/’ﬂg"_z, e 4240 (", ). (3.19)
The time marching term and the truncation error term can be handled in a straightforward way:
1 — e 2 = [~ [+ e~ e, (3:20)
2(c". &) < 2] + e[ (3:21)

in which a discrete Cauchy inequality was utilized. For the diffusion part, we see that the diffusion coefficient at t"*!
dominates the other ones, so that the viscosity term can be analyzed in the same way as follows:

4 5 1
—<Ah.(4)<39"+] + gen—l _ 68:1—3), en+1>

4 5 B 1 _
= §||Vhen+1 ”%,(4) + E(Vhen 1’ Vhen+1)(4) _ g(vhen 3’ Vhen+])(4)

4 5 _ 1 _
= §||Vhe"“ ||%,(4) - E(then 1||%,(4) + [|Vhe™t! ||§,(4)) - E(then 3”%,(4) + [|Vhe™t! ||§,(4))
5 n+12 5 n—12 1 n—32
> EHVhe 12,4y = EHVhe 12,4y = E”Vhe l12,(a)> (3.22)
in which the equality (2.17) (in Lemma 2.1) and the estimate (2.19) have been repeatedly applied in the derivation.

For the nonlinear error parts, we focus on the term A/'£E"; the two other terms could be treated in the same manner.
The nonlinear error expansion (3.12) implies that

(VLE™, €1y = (V. qu" Pe", e 1) + <(vh,(4)(u" +u)® vhwe")un, e”“) . (3.23)

7



Z. Xia, C. Wang, L. Xu et al. Journal of Computational and Applied Mathematics 401 (2022) 113766

The first term could be bounded with the help of the a-priori bound (3.18) (a direct consequence of the a-priori
assumption (3.16)):

(Vi ’e", €1) < [ Vhau" 2 - €]l - [l
¢ 8
< GEPIE Nz - 1€ 1z < SGIETE + e IB) (3:24)
The second term could be similarly bounded, with the help of both (3.15) and (3.18):

((Vh.(4)(Un +u")® Vh,(4)e")U", en+1>

< (IVa@U" oo + Vh@"lloo) - 10" loo - [ Vi€ l12 - €2
4 * [ * 20 *( *
< §C (Co+ C) I Vh@e'll2 - €™z < EC (Co+ CH)IVre™ 12 - le" Iz, (3.25)

in which the inequality estimate (2.21) has been applied in the last step. Therefore, a substitution of (3.24) and (3.25)
into (3.23) reveals that

23

E(Nﬁgn’ en+1)

IA

92 . 230 ., -
ECS(IIe"H% + lle™3) + WC*(CO +CH)IVhe 2 - lle™

IA

- ~ 1

Cille" 3 + Colle™ 3 + — VeI, (326)
S 272 9272 | 230% a2/ *)2 : : iad P
with C; = 55C5, G = 55C5 + 5,5 (C*)(Co + C*)%, and the Cauchy inequality has been applied in the last step. Similar
estimate could be derived for the two other nonlinear error parts; the details are skipped for the sake of brevity.

8 _ ~ _ ~ 1 _
—g(NES" Leh < Gille N + Glle 3 + ﬁllvhe” "3, (3.27)

5 - - 1
€<N£5”‘2, el < Gille" 2|5 + Colle™ 5 + ﬁ'
Subsequently, a substitution of (3.20)-(3.21), (3.22), (3.26)-(3.28) into (3.19) results in

|Vhe" 213 (3.28)

5 1 1
e 15— el + G AtNVie"™ 13 ) — 55 ALIVae" I gy — S ALIViE" I3

1 - -
— A (IVhe" 215 + 190" 154))

< 3G+ DAtl|e™ 5 + G At (I€"]5 + lle" 1113 + lle" 2 115) + Atllz"]13, (3.29)

in which the preliminary estimate (2.20) has been applied. Consequently, summing in time, applying the discrete Gronwall

inequality and using a simple fact that 2 — & — 2 = 5 > 0, we get a fixed time O(At® 4+ h™) convergence for the third

order scheme (2.4) in the ¢°°(0, T*; ¢2) N £%(0, T*; H; ) norm:

n+1
e )2 + EAt Z [Vhek]|2 < Cs (ac + hm)Z 7 (3.30)
k=1

under the a-priori Whl’oo assumption (3.16). Again, the preliminary estimate (2.20) has been applied.
3.4. Recovery of the a-priori Wh]‘Oc bound (3.16)

Finally, with the help of the £2 error estimate (3.30), an application of the inverse inequality (in 3-D) implies that

1
Clle™+! CCZ(AL3+hY . .1
Vel < ”1# o G T = b eddand +ad) (331)
2 2
~1 3 5
Clle™! CC2(At2 +h2 I
195 o < < . e _ G . )¢, Z(AtZ + h?), (3.32)
2

in which we have used the linear refinement At < Ch in the derivation. As a result, we see that the a-priori Whl‘OQ
bound (3.16) is also valid for the numerical error vector e"*! at time step t"*! provided that

.1\ 72 L1\ 3 .
At < (2C1C32> . h< (2C2C32> , with C3 dependent on T*. (3.33)

This completes the £°°(0, T*; £2) N £2(0, T*; H,}) convergence analysis, and the proof of Theorem 2.3.
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Remark 3.1. Since the leading order Taylor expansion has already resulted in an O(At>+h*) accuracy order, it is sufficient
to control the discrete W,}’°° bound of the numerical error function, as derived in (3.31), (3.32). As a result, we do not
need a higher order asymptotic expansion in the consistency analysis, in contrast to a few other related works [41-46].

Remark 3.2. It is observed that, the diffusion coefficient at time step t"*! dominates the rest coefficient sum. This fact
has played a key role in the stability and convergence estimate; also see the related discussions in [26,27]. In fact, to
derive a temporally third order accurate numerical scheme, a direct application of the Adams-Moulton formula at the
nodes t"*1, t" and t"~! does not give a formula with the stated stability property. This fact highlights the need to choose
an appropriate time-discretization to couple with the fourth order finite difference spatial approximation.

Remark 3.3. For the harmonic mapping flow (1.2), there is a well-known property that, |u(x, t)] = 1 holds for any
t > 0, provided that the initial data satisfies |u(x, t = 0)| = 1 at a point-wise level. However, for the proposed numerical
scheme (2.4), such a property is not valid any more, because of the temporal and spatial discretization. Meanwhile, the
convergence estimate (stated in Theorem 2.3) implies that, although such an identity is not exactly available, the deviation
is always of order O(At> + h*) (in the discrete L* average sense).

3.5. The fourth order convergence result

For the fourth order accurate (in time) scheme (2.13), the convergence estimate is stated below. It proof follows similar
ideas as in the analysis for Theorem 2.3; the technical details are left to interested readers.

Theorem 3.4. For any time T* > 0, we assume that exact solution u, to the harmonic mapping flow equation (1.2) satisfies
the regularity requirement u, € H*(0, T; H*) N L>°(0, T; H®). We denote the u,; as the continuous function as the extension
of the fully discrete numerical solution obtained by (2.13). As At, h — 0 under a linear refinement requirement At < Ch, we
obtain the following result:

”uAt,h — lle”goo(oy-r*:gZ) + ”uAt,h — ue”ZZ(O,T*;Hll) < C(At4 =+ h4) (334)

4. The numerical results

We present some numerical examples in this section, to demonstrate the stability and convergence of the proposed
scheme. An exact profile is artificially constructed. Since the exact solution has the properties that if |u(-, t)| = 1 at any
time t > 0, we construct a two-dimensional (2-D) exact profile as

cos (cos(nx) cos(my)cos t)

e = U= , 4.1
! [v] sin(cos(nx)cos(ny)cost) 4D

with £ = [0, 1] x [0, 1]. Notice that the homogeneous Neumann boundary condition is satisfied for the constructed
profile.

As mentioned above, it is obvious that (4.1) is not an exact solution for the original harmonic mapping system (1.2),
so that we have to add an artificial source modification term f to make the PDE exactly satisfied. In more detail, the PDE
system (1.2) is modified as

u | [Au] _ [(Vul? + Vv )u .
[uf] [Av] - [(|Vu|2 + [V + 517 (4.2)
and a careful calculation reveals that
_[A] _ Jue— Au—=(Vul® + [Vu|*)u
f= |:2 T v = Av—(Vul2 + VP | (4.3)

In the time evolution on both sides, a three-point Simpson’s integration formula (over the time interval (t*, t"*1)) will
be used for f to minimize the numerical integration error.

4.1. Numerical error in space

To verify the accuracy in space, the time size At must be small enough to ensure that the numerical error is dominated
by the spatial one. We will take the domain [0, 1] x [0, 1] and let T = 1, with a fixed At = 1073, A sequence of spatial
resolution will be taken: N = 24 : 8 : 96, in this experiment. The expected spatial numerical accuracy assumption e = Ch*
indicates that In |e| = InC—kIn N, so that we make a log-log plot to demonstrate the spatial convergence order. The fitted
line displayed in Fig. 1 shows an approximate slope of —4, which in turn verifies a nice fourth order spatial convergence
order, in both the discrete £2 and £°° norms. We also notice that the numerical values of the discrete £ and £ errors
for the component u are almost identical, so that there is no clear difference (between the two errors) on the plot, while
such a difference for the component v becomes more obvious.
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Fig. 1. The discrete ¢?> and £ numerical errors vs. spatial resolution N, for N = 24 : 8 : 96, with a fixed time step size At = 1073, for both
components u and v.
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Fig. 2. The discrete ¢? and ¢*° numerical errors vs. temporal resolution 100N, for 1 < N < 8, with a fixed time step size h = 1073, for both
components u and v.

4.2. Numerical error in time

To demonstrate the accuracy in time, the spatial numerical error has to be negligible. We fix the spatial resolution
as N = 1024 (so that h = Tlm), and set the final time T = 1. Naturally, a sequence of time step sizes is taken as
At = NTT with Ny = 100 : 100 : 800. The expected temporal numerical accuracy assumption e = CAt¥ indicates that
In |e| = In(CT¥) — klIn Ny, so that we plot In|e| vs. InN to demonstrate the temporal convergence order. The fitted line
displayed in Fig. 2 shows an approximate slope of —3, which in turn verifies a nice third order temporal convergence
order, in both the discrete ¢2 and ¢* norms. Again, it is observed that the numerical values of the discrete £? and £
errors for the component u are almost identical, so that there is no clear difference (between the two errors) on the plot,
while such a difference for the component v becomes more obvious.

4.3. Numerical accuracy check for the fourth order scheme

In the accuracy test for the fourth order scheme (2.13), we set the time size as At = %h, with h = % so that the fourth
order accuracy in both time and space could be confirmed. Again, the final time set as by T = 1. A sequence of spatial
resolutions are taken as N = 48 : 16 : 192. The expected temporal numerical accuracy assumption e = C(At* + h?*)
indicates that In |e]| = InC — 24In N, so that we plot In |e| versus In N to demonstrate the convergence order. The fitted
line displayed in Fig. 3 shows an approximate slope of —4, which in turn verifies a perfect second convergence order, in
both time and space.
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Fig. 3. The discrete ¢ and ¢* numerical errors vs. spatial resolution N, for N = 48 : 16 : 192, with a time step size given by At = %h, for both
components u and v, computed by the fourth order scheme (2.13).

5. Concluding remarks

In this article, a fully discrete numerical scheme is developed for the harmonic mapping flow (1.2), with the fourth
order spatial accuracy and third order temporal accuracy. The fourth order spatial accuracy is realized via a long
stencil finite difference, and a symmetric boundary extrapolation is applied, based on a higher order Taylor expansion
around the boundary section. In the temporal discretization, a combination of explicit Adams-Bashforth extrapolation
for the nonlinear terms and implicit Adams-Moulton interpolation for the viscous diffusion term is utilized, with third
order accurate integration formula coefficients. This approach preserves the desired temporal accuracy order, while the
numerical stability is assured by the subtle fact that, the diffusion coefficient at time step t"*! dominates the rest
coefficient sum. In addition, a detailed convergence analysis and error estimate are provided for the proposed numerical
scheme, which gives an optimal O(At® + h*) accuracy order in the €>(0, T; ¢2) N ¢%(0, T; H}!) norm. A few numerical
examples are also presented in this article, to demonstrate the full accuracy orders.
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