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Abstract

The discrete variational method is a method to derive finite difference schemes on uniform grids
that inherit the conservation/dissipation property of the original equations. In this paper we extend
this method to multidimensional nonuniform grids.

1 Introduction

As is well-known, for PDEs that enjoy the conservation/dissipation property, numerical schemes that
inherit that property are often advantageous in that the schemes are fairly stable and give qualitatively
better numerical solutions in practice. For example, the Cahn—Hilliard equation

ou 0? 0%u
il (pu+ru3 +q8m2> , (t,x) € (0,00) x (0,L), (1.1)
has a dissipation property
L 2
%/ <§u2+2u4—g(gz>>dx<o, t>0 (1.2)
0

under certain boundary conditions. Here p,q and 7 are real parameters that satisfy p < 0, ¢ < 0 and
r > 0. Although the existence of the term related to the negative dispersion effect in this equation often
makes naive numerical schemes unstable, some numerical schemes that are designed so that they inherit
the dissipation property (1.2) are proved to be stable and convergent [2, 4].

Lately Furihata and Matsuo [3, 4, 5, 8, 9, 10, 11] have developed the so-called “discrete variational
method” that automatically constructs conservative/dissipative finite difference schemes for a class of
PDEs with the conservation/dissipation property that stems from a certain variational structure. Origi-
nally Furihata considered two types of equations in his first paper [3]. The first is the class of equations
of the form

du 9 \* §G

— =1 =) —, s$=0,1,2,3,... L 1.

at ( ) (ax> 511/’ S 07 ) a3a ) Z‘E[O, ]7 ( 3)

where dG/du is the variational derivative, which is defined by
06 _0G 0 oG
Su  Ou  OxOuy

(1.4)
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This class of equations includes the heat equation and the Cahn-Hilliard equation. The second is the
class of equations of the form

@ 8 2s+1 5G
ot

— — 5=0,1,2,3,... L 1.
8x 6u7 S 07 ) 737 ) z e [07 ]7 ( 5)

which includes the advection equation and the KdV equation. G(u,u,) denotes a certain energy func-
tional, such as the Hamiltonian or the free energy. The total energy of these equations is defined by

L
H(t) ::/0 G(u, uy)dx. (1.6)

As is widely known, under certain boundary conditions, (1.3) has the dissipation property

dH
— <0 1.7
dt — (17)
and (1.5) has the conservation property
dH
— =0. 1.8
i (1.8)

Furihata proposed a method to derive finite difference schemes for (1.3) and (1.5) that inherit these
properties after the discretizations, and his method has been extended to many other equations [5, 8,
10, 11].

Until recently the discrete variational method has been developed on uniform meshes only. However,
especially in multidimensional problems, the use of nonuniform meshes is of importance, since the re-
striction to uniform meshes forces the domains to be rectangles. Furthermore, even in one dimensional
cases, nonuniform meshes are often useful when solutions exhibit complicated behaviors locally.

In this paper, we extend the discrete variational method to logically rectangular meshes. Our extension
is based on the “mapping method,” where change of coordinates plays an important role. For this reason,
in the process of the extension we also show that it is retained after the change of coordinates that the
conservation/dissipation property is obtained from the variational structure of the original equation.

This paper is organized as follows.

In Section 2 we consider simple one dimensional cases to clarify the idea of the extension. As mentioned
above, we use the mapping method for the extension. Therefore, first in Section 2.1, we briefly review
the idea of the mapping method and derive the conservation/dissipation property from the variational
structure after the change of coordinates. In Section 2.2 we introduce a summation by parts formula on
one dimensional nonuniform grids, since it plays a very important role in the discrete variational method,
as is similar to that the integration by parts is of importance in the usual variational calculus. By using
that formula, we define the discrete variational derivatives in Section 2.3. The dissipative/conservative
schemes are defined in Section 2.4 and 2.5 respectively. In Section 3, as an example, we show a conser-
vative scheme for the KdV equation and a numerical example.

In Section 4 we extend the discrete variational method to multidimensional nonuniform meshes. Al-
though we consider two dimensional cases only for convenience of notation, the same procedure can be
applied to more than two dimensional cases. Since the integration by parts is replaced by the Gauss
theorem in multidimensional cases, we show the discrete analogue of the Gauss theorem and derive the
dissipative/conservative schemes by using that theorem. As an example, a dissipative scheme for the
Cahn—Hilliard equation is provided in Section 5, which is accompanied by a numerical example.

The discrete variational method has been extended to equations other than those of the form (1.3) or
(1.5), which include complex valued equations and nonlinear wave equations [5, 8, 10]. Our extension
is also applicable to such equations. As an example, in Section 6, an application to a class of one
dimensional complex valued equations is described.



2 Extension to One Dimensional Nonuniform Grids

In this section, we extend the discrete variational method to one dimensional nonuniform grids. We
consider two classes of equations that are shown below.

The first class is equations of the form (1.3). Equations in this class are dissipative in the following
sense.

Theorem 2.1 (e.g. [3]). Suppose that the boundary condition satisfies

du 9G "
— =0 2.1
{8t Ouy } o (2.1)
Suppose also that
o=t 5G\ ( 9P sG\1"
— —_— = =1,... 2.2
K% M) (8z M)h 0. p=1l...s (22)
if s > 1. Then solutions of (1.3) have the dissipation property:
dH o
0 1= [ G
dt 0
The second class is equations of the form (1.5). Equations in this class are conservative.
Theorem 2.2 (e.g. [3]). Suppose that the boundary condition satisfies
L
A R R N
ot Qug |, o oS du o
0
Suppose also that
o=t §G\ ([ 9%t sG\1"
o~ 7 = =1,... 2.
Kaxl’_l 6u> <8:1:23+1—P 6u>}0 0, p=l..s (2:3)
if s > 1. Then solutions of (1.5) have the conservation property:
dH L
B o H@ - / G, up)dz = 0.
These theorems are proved by the following lemma:
Lemma 2.3 (e.g. [3]). Suppose that a solution of (1.3) or (1.5) satisfies the condition
ou0G)" _
ot duy, |, -
Then
L
df_ %de (2.4)

H n 0 8t 5u
Proof of Theorem 2.1. From Lemma 2.3 it follows that

d [t L ou oG
&/0 G(u,uz)dz = ; E@dx



Substituting the equation (1.3) into the right-hand side and repeating applications of the integration by
parts give

= /OL ((—1)8+1 (ai)% f;f) i—idx
o@D e o (2 9) ]

o () )

<0.

Proof of Theorem 2.2. From Lemma 2.3 it follows that
da [* L ousa
—/ G(u,uz)dz = T e,
dt Jo 0

Substituting of the equation (1.3) into the right-hand side and repeating applications of the integration
by parts give

/L (( d )28“ 5(;) 5G
- < S R
0 Ox u | du

[((2) ) (259 o[ ((2)" 2 oc]"
—Jo ox ou arou ) " ox ou | du o

It follows that

a [* Lot sa )
— 2)dz = (=1)° — — — d
dt/o Glu, up)dz = (=1) /0 (83@) Su (<a > (5u> g

L s s+1

1] ]
e (L) ) ((2) 75 -
0 Jx ) du or Su
Lemma 2.3 is proved by a kind of calculus of variations. In fact, by the integration by parts, it is

shown that
d [* LroudG  Ouy G
@ J, G<“’“m>d“/o ((%6u+ o a%)dz

O
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In this sense, we call Lemma 2.3 “the variational structure” of equations of the form (1.3) or (1.5). By

discretizing this structure, the discrete variational method derives the schemes that preserve Theorem
2.1 or Theorem 2.2. It is notable that the proofs of Theorem 2.1 and 2.2 are based on the following three:

e the integration by parts,
e the variational structure, that is, the variational derivative that satisfies Lemma 2.3,
e the fact that the equations are written in the form (1.3) or (1.5).

The idea of the discrete variational method is to discretize these three. Indeed, in the discrete variational
method,

e the summation by parts is introduced,

e the variational structure is preserved, that is, the discrete variational derivative that satisfies a
discrete analogue of Lemma 2.3 is introduced,

e the schemes are defined by using the discrete variational derivative so that they have a similar
form to (1.3) or (1.5).

In the remainder of this section, we extend the discrete variational method to one dimensional nonuniform
grids, by showing that these three can be retained after the discretization even on such grids. Our idea is
use of the mapping method, in which the spatial coordinate is transformed to so-called “computational
space” that is a domain whose axis is the index of the grid. With this idea in mind,

e first, in Section 2.1, we show that the conservation/dissipation properties are obtained from the
variational structure even in the computational space,

and then,

e in Section 2.2, we give a summation by parts formula on nonuniform grids,

e in Section 2.3, we introduce the discrete variational derivative on nonuniform grids and provide
an analogue of Lemma 2.3,

e in Section 2.4 and 2.5 we derive dissipative/conservative finite difference schemes respectively, by
using the discrete variational derivative that is defined in 2.3.

2.1 The Mapping Method and the Dissipation /Conservation Properties in the Computational
Space

We set the N + 1 points 0 = 29 < 21 < 2 < --- <y = L on the target domain X = {z | z € [0, L]}.
The approximated value of u(nAt, z;) is denoted by U ;n). Because we wish to use the mapping method,
first the target domain X = {z | = € [0, L]} is mapped to the computational space Z = {£ | £ € [0, N]}.
We denote this map from = to X by z(§) and assume that z(§) is a sufficiently smooth function that
satisfies

dx

:d7§>0,

z(j) =x5, J

where J is the Jacobian. In the mapping method, the differential operator 0/0x is discretized by
approximating the right-hand side of

§ (da\' O

() @



by some finite difference operators. For example, if we choose

dx 0

U n n
FTRCALIE EU()—U} ),

for the approximation of da/d¢ and du/9E, du/0x is discretized by

ou U - U}
6.23 - Tjy1 — Ty '

We are to apply this method to the discrete variational method; however, it is not obvious whether the
conservation/dissipation property stems from the variational structure after the change of coordinates.
So first we must confirm it.

The transformation of (1.3) to the computational space results in

du o (dE AN [6G 3
5 = (1) (dxdg) ) o f=0L23
0G

where (—)CS is the transformed variational derivative

6G\ _0G 0 (d¢oG

bu), Ou 06 \"dx Oug, )
This is a natural form as the variational derivative in the computational space, as is shown in Lemma
2.7 later. Since J = dz/d¢, we can write this equation as

du S d de d\** dg dg d ) (d¢ d =G
i () Cnae) (Bvsae) (ae) (50

Similarly (1.5) is transformed to

du _ (de A\ @ ~0,1,2.3
ot~ \dzdé ou) ST A

du (i dY(dedN\* (G _
at_(J d€> (dxdg) (5) 5=0.1,2.3,... (2.6)

Remark 2.1. In the above, we denote dz/d€ in two ways, dx/d§ and J = dx/d. Although these are the
same operators of course, we distinguish these two because they are discretized in different manners in the
later sections. Indeed, da/d¢ is discretized to approximate dx/d€ in the transformed differential operator
d/dz = d¢/dx-d/dE, and J is to approzimate the Jacobian in the transformed integral [ - dx = [ - Jd€.
Similarly, since J -d€/dx = 1, it is verbose to write J - d§/dx and other similar terms, but we do not
omit them for the same reason.

and this becomes

Theorem 2.1 and 2.2 in the computational space are as shown below.

Theorem 2.4 (Theorem 2.1 in the computational space). Suppose that the boundary condition satisfies

{8“ 8G]€_N =0. (2.7)

ot Ouy =0



Suppose also that

a9\ dfjdf 9 /de o s=1 /s a4 0 r=l /s &=N »
<d:)§8§) @ @55 (dmaé) <6u)cs (dl’%) <6U)CS §=0 o
p=1, , S (2.8)

if s > 1. Then the solutions of (2.5) have the dissipation property:

dH. N
- <0, Hg(t) = / G(u,uy)JdE.
dt o

Theorem 2.5 (Thorem 2.2 in the computational space). Suppose that the boundary condition satisfies

ou 0G §:N70 d¢ 9\° /G 2E:N70
oo, = |((Ga) (8))] =
Suppose also that
dé 9 e dé 2s41=p /s E:N_O
(dm@f) <5u>cs <d$a§) <6U>CS £=0 o

if s > 1. Then the solutions of (2.6) have the conservation property:

dH s
dt

N
—0, Ha(t) = /0 G, 1) JdE.

To prove these theorems, we use the integration by parts that is transformed to the computational
space.

Lemma 2.6 (The integration by parts in the computational space). Let u(§) and v(§) be functions on
[0, N] that satisfy

=0. (2.10)
Then

N d¢ dv B N . d [d¢
/0 Ju (dxd’g‘) dg_—/o Juv (J ld? (deu>)d£. (2.11)

Proof. Lemma 2.6 is immediately obtained, because this is just a transformed form of the integration
by parts. However, since we discretize this lemma by the mapping method later, we prove it by using
calculations on the computational space only.

By applying the integration by parts with respect to &, we have

N d¢ dv N oa (e d¢ 1N
Nod o[de
[ ()

N _,d [d¢
:_/0 Jv <J ld? (dIJu)>d§.



Now we show Lemma 2.3, the variational structure, in the computational space:

Lemma 2.7. Suppose that a solution of (1.3) or (1.5) satisfies the condition

du de 91N
{&de%]&:o =0. (2.12)
Then
dH., [N 0u (0G G\ _0G __, 0 [ d¢OG
a5 e (5) =% % Vaa) (213)

and (g—) o Satisfies

56\ _ oG
ou ) C Su’
Proof. By the chain rule, we get

e 41 G
- (S o) e
- e [ Gl )
By applying the integration by parts of the form in Lemma 2.6, we have
-/ gfg;‘ ¢ — / 9u (J 19 (jiJ;i))Jdg:/o 2}; <6G>Cstg. (2.14)

For the latter part, we have

0G) 06 (iE00) 06 ds 006 000 001G
Su " ou 06 \"dzou, )]  Ou dxrdEdu, Ou Oxrduy, Ou’

since J = dx/d¢. O

Thus we have confirmed that the variational structure is retained in the computational space, so now
we can proceed to prove Theorem 2.4 and 2.5.

Proof of Theorem 2.4. By Lemma 2.7, we have

dHes ou (6G
at ‘/o at( >CSJd5'

Substituting the equation (2.5) and an application of the integration by parts in Lemma 2.6 give
R () () <:§;z> (iff) }<ffi);d€
LG () () () HO 9 ().}
[ CE) () <3§,§2)3 (M)CS} (i) (50) ) ee




We continue in this fashion to obtain

N . d d¢ d\*7? /d¢ de d [de d 5G ¢ d 5G
-/ {(‘J ) (o) (@0ma) (Tae) (5) (mg) (5)_ e

T E @ E @)
) () <fs>cs}{ A8 ()
Y (Y

Proof of Theorem 2.5. By Lemma 2.7, we have

jt/oN G(u,uy)JdE = /ON % <f§) Jd€.
Substituting the equation (2.5) and an application of the integration by parts in Lemma 2.6 give
[l ()7 (59). (59 e
— [ () H ) (59) s
L (D)9 () (5) Yo

‘We continue in this fashion to obtain

o [ (R ) H 5 ()

o [0 () (2 {2 () o
o [ () ) () () (5

The last equality shows that this value equals 0. O

2.2 Discrete Symbols and a Summation by Parts Formula on Nonuniform Grids

In this section we introduce symbols which are useful for notation and show a summation by parts
formula on nonuniform grids. As in the previous section, we divide the interval [0, L] into nonuniform
meshes with grids 0 = 29 < 1 < 2 < --- < xy = L. The approximated value of u(nAt,x;) is denoted

by U ;n). In what follows, d’s with suffixes denote difference operators in the computational space, that



is, approximations of 9/0€. For example, we write the forward difference operator in the computational
space as 5+U( U(n) Uj(n) the backward difference operator as d_ U(n) U(") Uj(f)l and the

central difference operator as 5CU;") = (Ug(+)1 U(n) 1)/2. We denote by (z¢); or similar notations the
approximated value of dx/d¢, which may be set, for example, to (x¢); = xj41 — ;. (x¢);’s are used
to approximate the values that are denoted by d:v/ d¢ in the previous section. We also denote by w;’s
the positive weights that are defined so that Z;V:O w; approximates the integral operator. w;’s are used
to approximate the values that are denoted by J in the previous section. §, (x¢); and w; are chosen
arbitrarily, unless specified otherwise.

To discretize Lemma 2.6, we introduce useful notations:

Definition 2.1. For a finite difference operator § with the a-point stencil

«
= E arUjtk,

k=—a

we define 6* by

[
- Z a,kUjJrk.

k=—«a

Definition 2.2. Let § be a finite difference operator with the a-point stencil that are represented as

[e3%

(SU]‘ = Z akUj+k.

k=—«

Let (x¢); be an arbitrarily chosen approzimation of dx/d§. For any sequences U; and V;, we define
averaging operator (+ s (z¢);) {U;},{V;}) by

N+a N+«
Hi+o,ze),) (U5 Vi) = Z > gk (wilze); U V) + Z > s (wilwe)y 'URY;)
j=N—a+1k=N+1 j=N—a+1k=N+1
fh(— y LU}, AVs)) - ZZaJk w;(we); SUE) +ZZ (wi(ze);, ' ULV;)
7=0 k=—« J=0 k=—«

where a; 1 s defined by

i e (k=j-aj—atljta-1j+a)
Tk 0 (otherwise)

U . . o )
and aj . is defined corresponding to §* in a similar way:

ot = aij+k (k:j—a,j—a—l—l,...,j—i-a—1,j—|—a),
0 (otherwise),

a
ap = —a—k.

K48, (xe); y {U;3,{V;}) and p— 5,(2),) {U;},{V;}) approximate UnxVi and —UpVp respectively. An
example is prov1ded in Remark 2.2 below. We now give the summation by parts formula:

Lemma 2.8. Let 0 be a finite difference operator that is represented as

«
= Z akUj+k

k=—a«
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and (x¢);’s be approzimated values of dx/d€. For any sequences U; and V; that satisfy
Hitswe)) (UG VI + b= swe,) (U A{V;H =0

=0, (2.15)
a summation by parts formula

N N
S wiUs((we); 10Vi) = = > w;Vyw; 6% ((ze); ' w;Uy) (2.16)
§=0 =0
holds.

Remark 2.2. The condition (2.15) corresponds to the condition (2.10) in Lemma 2.6. To clarify this
let us consider the simplest case, where uniform grids

(z¢)j = wj = Az

and the central difference operator 6 = . are employed. In this case

1 [e3

-1/2 (k=-1)
oU; = 5 (Ujs1 —Uj1) = Z agUjir, a=1, ar=1S0 (
k=—o 1/2 (k=1)
and hence aj 1 15

afj,k = ( e 07 71/2a 0, 1/23 Oa
s k=j—2 k=j-1 k=j k=j+1 k=j+2
The central difference operator is self-adjoint in the sense that 6* = 6 and aj, = ajk. The averaging
operators become
N  N+1

N N+1
oo (U AVID = D0 > g (wiwe); U Vi) + Y > gy, (wele)y, UkVs)
j=N k=N+1 j=NEkE=N+1
NA1wWN(Te)

"UnVig1 +aky N+1wN+1(ff£)N+1UN+1VN
(UnVNs1 +Uns1VnN)

=an
1
2

and

0o -1 0 -1
(-6, ze)) LU AV} Z Z w] 1‘5 U Vk) Z Z a; (wk(l’&) UkV)
j=0 k=—1

J=0k=——1
U()V 1 —|—a0 qw— 1(I5):1U_1V0
—5 (UOV,l + U,1V0) .

= do,—1wo(T¢)g

Thus the left-hand side of (2.15) is

1
3 (UnVNi1 +Unia V) — 3 (UoV_1 + U1 W)
which is an approzimation of (2.10).

Remark 2.3. Ezamples for the boundary conditions that enjoy the condition (2.15) includes the Dirichlet
boundary condition

Uj=V;=0

for all j such that j > N or j <0 (2.17)
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and the periodic boundary condition
Uprnir =Uj, Vignt1 =Vy, (@e)iingg = (@e); !, wignti =w;  for all j. (2.18)

These are confirmed in the following way. Under the Dirichlet boundary condition we have

N+« N+«
it 6.(ze);) {Us 3, {V;}) = Z D g (wilwe); U V) + Z D @ (wrlze), ' ULY)
j=N—a+1k=N+1 j=N—a+1 k=N+1
N+a N+«
- Z 3 g (wylze); U -0) + Z > @ (wilze)y ' -0-V))
j=N—o+1k=N+1 j=N—oa+1k=N+1

=0.

A similar calculation yields p(— s5.(z¢);) {Us},{V;}) = 0 and combining these gives (2.15). In the case of
the periodic boundary condition we have

M(+,5(r§),~ U} AV D + = 5,200, LU} {V'})

N+ao N+«
= Z Z g (w; (z¢); U V) + Z Z (wr(we) " UeVs)
j=N—a+1k=N+1 j=N—a+1k=N+1
+Z Z ajk wj :Cf UVk +Z Z wk Ig UkV)
=0 k=—a 7=0 k=—«
N a—1 N a—1
= Z Z a;k (wj (l‘g)j U]Vk) + Z Z aj (wk(l‘g)k UkVJ)
j=N—a+1 k=0 j=N—a+1 k=0
a—1 N a—1 N
+ Z Z aj (wj(xg)j Uij) + Z Z a; p (wk(xg)k UkV])
=0 k=N—a+1 §=0 k=N—a-+1
N a—1 N a—1
= Z jk (wJ (336)] UJVk) - Z ak,j (wk(xﬁ)k UkVJ)
j=N—a+1 k=0 j=N—a+1k=0
a—1 N a—1 N
+ Z ajk (wj(aﬁg);lUij) — Z ak,; (wk(xg) UkV)
=0 k=N—a+1 §=0 k=N—a+1

Remark 2.4. [t is common to use the inner product in order to derive summation-by-parts-type formulas
[1, 6, 7, 12]. The summation by parts formula (2.16) in Lemma 2.8 is comprehensible, if it is represented
by using the inner product as well. We see it by an example where the difference operator § is the forward
difference operator 6 = 61 and the boundary condition is given by the Dirichlet condition (2.17) or the
periodic boundary condition (2.18).

First we compute the difference matriz D that represents 6. When the Dirichlet condition is imposed,

we have for j # N
0Uj = Uj+1 = Uj
and for j =N

SUn =Uni1 — Uy = —Uy.

12



Therefore

oUy -1 1 0 0 0 0 Uy
oU; 0o -1 1 0 o --- 0 Uy
6U, 0 0 -1 1 o --- 0 Us
OUNn_2 0o - 0 0o -1 1 0 Un_s
OUNn_1 o - - 0 0o -1 1 Un_1
SUN 0 v «ev i 0 0 —=1 Un
and hence
-1 1 0 0 0 0
0o -1 1 0 0 0
0 0o -1 1 0 0
D — '.‘
0 0 0o -1 1 0
0 0 0o -1 1
0 0 0 -1

Similarly we have for j # 0
U =U; —Uj—q
and for j =0
0*Uy = Uy —U_1 = Uy,

and hence the difference matriz for 6*, which is denoted as D*, is

1 0 0 0 o --- 0
-1 1 0 0 0 0
0o -1 1 0 0o --- 0
D=1 : . . . . oo
o -~ 0 -1 1 0 0
O -+ -+ 0 =1 1 0
0 v «ev oo 0 —1 1

-1 o o0 0 - 0 1 0 o o 0 - -1

o -1 1 o0 o0 --- 0 -1 1 0 0 O 0

0 0 -1 1 o0 0 0 -1 1 0 o0 0
D= , D=1

0 0 0 -1 1 © 0 0 -1 1 0 ©

0O -+ -~ 0 0 -1 1 0 -+ --- 0 =1 1 0

1 v oo ... 0 0 -1 0 v i . 0 -1 1

Note that these matrices satisfy D* = —DT .
Let matrices W and X be W = diag(w;) and X = diag((z¢);). Let vectors U and V be U =

(Uo,...,Un) and V = (Vy,...,Vx). By using these notations we can rewrite

N
> wiU;((we); '0V;) = (U, X' DV,
j=0

13



where <ﬁ, V)W .= UTWV is the inner product with the wight W. Since the adjoint operator of X 'D
with respect to this inner product is W'DT XYW, we have

(U, X 'DVYy = (W 'DTX'WU, Vw
and
= —(W(=D)"X"'WU,V)w

Rewriting this to the form with operators, we have
N
== w;Vyw; 6" ((xe); 'w,U;)
§=0

because —DT corresponds to §*. This coincides with the summation by parts (2.16).
Furthermore the above argument is a discrete counterpart of the fact that the transformed integration

by parts (2.11) is written as
dgov, 40 (dg
e g =~ g () b

by using the adjoint operator of the differential operator d€/dx - 8/0€ with respect to the inner product
(-, -y s whose weight is the Jacobian.

Proof of Lemma 2.8. In a straightforward way we obtain

N «
ij 15V) Z Z w;Uj(ze); YapVisr
=0 k=—a
N N
:ZZwJUJ(xﬁ) e
=0 k=0
N N+«
+ Z Z a]k (wj(l'g U Vk —I—Z Z aJ’k wj 1‘5 1y, Vk)
j=N—a+1k=N+1 7=0 k=—«
N N
=D > wUs(we)y ;Y
7=0 k=0
N N+ao a—1 -1
+ Z Z a]k(wj(xg UVk +Z Zajk w; CUE ka)
j=N—a+1k=N+1 7=0 k=—«

: ~ &%
Using a;r = —ay, ;, we get

N N
= Z Z wrUs(we);, @5,V

7=0 k=0
N N+«
+ Z Z a]k ’LU]{E§ UVk —I—Zzajk wjl'g UVk)
j=N—a+1k=N+1 7J=0 k=—«
N feY
==> > wlUl(ze),'aiV;
j=0k=—a
N N+«
+ Z Z wk :L'g UkV Jrz Z a wk Ig UkV)
j=N—-a+1k=N+1 71=0 k=—«

14



N N+«

+ Z Z ajk wjacg UVk +ZZa]k w]xg UVk)

j=N—a+1 k=N+1 7=0 k=—«
N [eY

==Y > wiUk(@e)i " aiVy + iy oo, (U3 AVID) + i s.e),) (U3 {V5)

=0 k=—a
N [eY
==Y > wlUil(we) aiV;.
j=0 k=—«
The last equality is due to (2.15). Rewriting this to the form with difference operators, we obtain

N
:waij to* ((Iﬁ) w]UJ)

7=0

2.3 Definition of the Discrete Variational Derivative

In this section, we introduce the discrete variational derivative on one dimensional nonuniform grids.
The discrete variational derivative will be defined by an approximation of the variational derivative in

the computational space
5£ _0G (]*1 Jd§ oG
u T ou 06 \ " dx Oug ) -

Suppose that the energy functional G is given in the next form:

G(u,uz) Zfz u)gi(uz). (2.19)

We define the discrete energy functional by

K

M,
-7 n 1 — n
Ga(0™); =3~ 1) (Ml > l(@e)ign, 0mU; U) , (2:20)
m=1

=1

where each (xg) lm,j 1S an approximation of (z¢)~! and 0y, is a difference operator. They can be chosen
arbitrarily. The summation with respect to m is introduced in consideration of the situation where each
g1 is approximated by using more than one difference operators. An example for the KdV equation that
is shown in Section 3 helps understanding of the meaning of this summation. We define the discrete
total energy H(™ by

N L
H™ =Y "w;Ga(U™); ~ / G(u,uy)dz, (2.21)

=0 0
where w;’s are the weights that are defined so that E;-V:o w; becomes an approximation of the integral.

Definition 2.3. We define the discrete variational derivative of Gd(lj("))j by
3Ga i 1 %’: 9Gq
5((} nt+1) 7 (n) — M, a((j(n+1)7 ﬁ(n)) -
— m,j

15



oG
—1 ¢x 1 d
—W; 6 | ()1 Wi | == =0 , (2.22)
J L &h 2J (9(U(n+1) U(’n))>l r

where

( 0G4 ) _ <fl(U;”+1)) —fz(Uj(”))> (gz((x )lm](slm it ))+gl((az )lm]5zm (n))>
( i ’

[j’(n+1)7 [j’(n)) U;nJrl) _ Uj(n) 2

(2.23)

( 0G4 > — <fl(U](n+1))+fl(U;n))> (gz(( )lm](slmU(nJrl)) gi (( )lmgélmU(n))>
o0, T ), 2 @Ot U — ()t 8V
(2.24)

)lm,j )lm]

The definition is chosen carefully so that the variational structure is retained after the discretization
in the sense that a discrete counterpart of Lemma 2.7 holds.

Lemma 2.9. Suppose the condition

K 1 M U(n+1 U(n
Z*Z M(+,5L,m,(x5);}w) 8(ﬁ£n+1) an))

=1 ! m=1

is satisfied. Then

1 al - G
HO+HD) g — : J J = d_ . 22
At ( ) 2w At S0+, gy | (2.25)
J

Jj=0

Proof. By (2.23) and (2.24) we get

N K M,
1 1
(n+1) _ gn)) — , (n+1)y [ L —1 (n+1)
At <H H ) - At ;;w] <fl(U7 ) (Ml Z_ gl((xf)l,mﬁ'(sl,mUj ))
7fl(U](n) ( Zgl (23 lm]élmU(n))>>
m=1
_ i i w; i vt — o er
. At 3(ﬁ(n+1), [j(n)) .
sm,j

+{ (@) s ot - 9Ga
&§)l,m,;%lm At 8( 2 (n+1) U(n))
z l,m,j
Applying Lemma 2.8, we obtain

N K M, (n+1) (n)
_ ’LUj d UJ - UJ _ aGd
Z 2 ! At T+, Ty |
lm,j

i 0Gyq
1
Wi, ((xf)lm,a < @, 5, ) mj))
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N (nt1) _ y(m)
:ij<Uj ~ U )( _ 3Gy > .
par At 5@+, Tw) |

2.4 Design of Schemes for the Dissipative Equations

As is usual in the discrete variational method, we design schemes so that they corresponds to (2.5) for
the dissipative equations and to (2.6) for the conservative equations. Defining the schemes in this way
allows us to obtain the dissipative/conservative property in almost the same way as Section 2.1.

We define the scheme for the dissipative equation (2.5) by

(n+1) _ 17(n)
Uj B Uj

At = = (~w;107) (—(we), ;03 1) -+ (= (@) ;07)

1 —1 —1 —1 oG
(o)1 jwj(we)y;61) ((we);62) -+ ((we) sty ;0s-1) ((we)5;05) (Wj(”“)dﬁ(")))] (2.26)

(2¢)m,; and 6, (m =1,...,s) are arbitrarily chosen dependently on, for example, the accuracy of the
scheme. For this scheme, we claim a discrete counterpart of Theorem 2.4.

Theorem 2.10. Let w;’s be positive. Let Uj(n) be a numerical solution of the scheme (2.26) under the
boundary condition that satisfies the assumption of Lemma 2.9, and

(4,65 py1,w5) (((xf)s_—lp-%lq,j(;:—zi) ((If)ijlér)

()i s e 301) ((e)aloo) -+ (o), 00m1) ((w0)2100) (W)

_ _ 0Gq

1 1

(xi)s—p+2,j55*1’+2 o (xé)&j(ss (5((7(7L+1), ﬁ(?b))) )
J

+ u(*,és—p«kl,w‘j) ((('rf)s 1;DJrl ]55 p) ((xé)z_,léf)

1 —1 —1 6G
((ze)y jwi(xe)y;01) ((we)g 02) -+ ((we)ity j0s—1) ((we)s;0s) (M)j

_ 0G4

1 1 _ _

(xf)s—p+2,j5$—l)+2 (xf) 7]5‘3 <5((j(n+l),[j(n))) - =0 (p* 15-"a5)a
J

if s> 1. Then

1
A (gt _ gm) <
p (H H ) <0. (2.27)

Proof. This theorem is proved in almost the same way as Theorem 2.4. By Lemma 2.9, we have

(n+1) _ p7(n)

1 U; —-U; 6G
— (g™ — g J -4 :
a ( ) - Z“’ At §(T+1), gy )
J

Substituting the scheme (2.26) and an application of the summation by parts in Lemma 2.8 give

N
- _ij{(_wjlé;k) ( (ze)s, ]65 1) (—($5)£;5T)
=0
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-1 —1 1 0Gq 0Gq
((%)1,;‘“’3‘@5)1,;‘51) ((xﬁ) 63) <5(ﬁ(n+1)7ﬁ‘(n))>]} (M)j
N ) _ 0Ga
Z—Z;wj{( (2e)5j0a-1) - (—(@e)2,;67) ((we)pjwi(we)ij01) - ((ze); ;0s) (Ml}
J s 6(U(n+1)’ﬁ(n)) ;
N
= w,
=0

{(_w”' 1) (a3 kon) () (a0 - (w23 <“>}

5(U(n+1), U(n))

J

_ 0Gq
{(xg)” (5(U(n+1),U(n))> }
J

‘We continue in this fashion to obtain

=—ij{<— ) e (—(2)7507) ()T jwj(e)Tj01) -+ ((we)3, 15><%> }

B L 0G
{((x5)51,j5 1) (@) %) (M)g}

:_gwj{( 7101) (o) jwy(we)y jor) - ((xg)sﬁ)(m)j}
{(( )2.502) -+ (we)50) (5(ﬁ<n(f>dU ))}

:_gwj{((xg) jwi(@e) 1) - ((we)5505) (W)J}
{(wjl(s;) ((w¢)2,j02) -+ ((we)7;05) <5(U~miidgm>)>J}

-3 {«ml—;m (010 (H)} =

2.5 Design of Schemes for the Conservative Equations

We define the scheme for the conservative equation (2.6) by

U(n+1) _ U(")
= (18 ((2)7501) -+ (we)267)

18



1 1 —1 1 oG
((@e)yj0c) ((we)yj01) -+ ((we) 2y 105—1) ((we)5;0s) <5(ﬁ<n+1>d(j(n))>a 229

dc is the central difference operator. (z¢)m, ; and d,, (m =1,...,s) can be chosen arbitrarily. We claim
a discrete counterpart of Theorem 2.5 for this scheme.

Theorem 2.11. Let U;n) be a numerical solution of the scheme (2.28) under the boundary condition
that satisfies the assumption of Lemma 2.9 and

Pt b)) ({((1‘01,}51) ((z9)550) (5((7@(?) U(n))> }

{ 20 (i) )
+ (= 6o ;) ({((xa)l,}51) (5 U(n+1> i ) }
{ o) (i) ) -

0. (2.29)
51]M+D @)
We assume also that

Qm@@«m&@~ﬂ®£@(mﬁﬁﬁmk}

{«xd&$+mﬁsp+ﬁ <@%’5*><a@ﬂ5i?¥ﬂM>>j}>

+mﬂhﬁmm<{«%uggxﬁp)ﬂ%%%k%p1) (i)
(195i0) (10t - (w0:88) ( ooy ) |

0Gq

1 1 — —

{(ws stz et (6(ﬁ<n+1>,ﬁ<n>>> }> e
J

é (H<"+1> - H(")) =0. (2.30)

Proof. This theorem is proved in almost the same way as Theorem 2.5. By Lemma 2.9, we have

(n+1) _ 77(n)
U; ~U; §G
(n+1) _ pr(n) J d
At (H i ) Zw ( At ) (5((7<n+1>7(7(n))>,
J

Substituting the scheme (2.28) and an application of the summation by parts in Lemma 2.8 give

—z%{ws*<umn ((we)2,507)

((ze)1}01) -

((ze)yj01) -

if s > 1. Then
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_1 1 1 5Gd 5Gd
((ze);0¢c) ((ze)1;01) -~ ((we)s,505) (5([}(%1),(?(71)))]} <5((7("+1),(7("))>;

N
- Z“’J{((x&);jaz—l) - ((w¢)3,;07)
=0
" ¥ o1 5Gd -1 5Gd
(rehon) () {(rehh) <W>}{(w ) <W> j}
N
-~ ij{w;lé:_l) - ((we)a207)
=0

- - B 5G -~ oG
((x£)17}5c) ((x£)17}51) ((mf)ml.&s) (M)j}{((ﬂcs)s,;&) (M)J}

‘We continue in this fashion to obtain

N oG
= (-2 w; {(w;16:_2> - ((@)g07) (we)y00) ((we)yjon) - ((we)y }0s) <6<d> }
=0 7

Un+1), ﬁ(n))
6G
15 “s) | e
{((xé)sm 1) ((xg)w ) SM+1, Ty )
J

—(~1)°

11

0G
w; { (w;l(sc) ((xg)i}&) o ((xi);Jl(ss) (M>J}
0G
{ans oo (i) |
» N B B 6Gyq
= (1) + jgowj {((xé)l,}(sl) ((335)51]1'65) <6([j("+1),(7("))>]}

oG
{(wf&:f) (@e)jm) -+« (w03 00) (W>} |

Since §; = d., we have

- 15+1N ‘ ~15 ~15 0Gq
= (-1) Zw ((@e)rj01) -+~ ((we)s;0s) ST, F) )

0G
{w;aﬂmad&%“““kﬁ”(&W“5}W”l}
0
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3 An Example in the One Dimensional Case

In this section, we show an example for the KdV equation
g + wtty + Y Ugyy = 0. (3.1)
Famously this equation can be written in the following form

0 G 1o 92,

U= o G(u, ugy) = g T U (3.2)

3.1 An Energy Conservative Scheme for the KdV Equation
The energy functional G(u,u,) is written in the form of (2.19) with K = 2 and
15 7 2
fi(u) = 5% f2(u) =1, gi(uz) =1, go(u,) = 5 U

The discrete energy functional is introduced so that it corresponds to these. First, on the given nonuni-
form mesh, we introduce

(1) (- 1)
. |

(1) =2 +1) —2(), (2¢-);=2()—2(—1), wy;:
For I =1 we set My = 1 and approximate the term f;(u)g1(uyz) by

3
Filwan (i) = g = g (UF7)
With ¢1(u,) = 1, the differential operator is not included in this term. Therefore the definitions of
(x¢)1,1,; and 61,1 do not affect the definition of the scheme, and so we formally define them by (x¢)11,; =
(Te,4)j, 011 =6y
The term that corresponds to I = 2 includes the differential operator. We approximate it by the
average of the value by the forward difference d; and that by the backward difference 6_. For this
reason, we set My = 2 and

7 71 1 )\ 1 )
J=-Lua L .Ut 5Ul"
lwgalua) = =5 = =53, <<($£7+)j +U > i <(30£7—)j U > > ’

which gives

(xe)2ny = (we4)j, 020 =04, (Te)ooj = (xe)j, Oap=0_.

The discrete variational derivative is defined by (2.22)—(2.24):

SICTI S U o (R < TR
SO+, Ty | - & M O+, 0my )
J lym,j

=1 m=1

) B 0G4
W 15*” (xf) 1 W5 % )
g \ M B @ 6y )L

( 0Gyq ) LU ™y @R g ()2
F(n+1) [7 T 6 (n+1) ny )
8(U(n+ ), U M) 1y 6 Uj _ Uj 6
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( len ) 1 <(U](n+1))3 + (Uj(n))?,) ( L1 ) i
ow UM )y 2 (#e)i,130010,"Y = (@)1 ;00105

( 0G4 ) _ 7 ( 1-1 ) ((( 20210 )2 +<<x§>2j,j52,1U}">>2> Y
Fnt1), [ (n — 2 \ gt g =5
U+, Tm) ), 2 \u 2

<1 + 1) <((x§)2 1 352 1U(n+1 ) ((xf)li,jaz’lU;n)f)
2 (2e)z 1 820U — (2¢)51 ;021U

(we.4); 105 (U§"+1)+U;">>,

oal
2
( 9Gq ) _72< 1-1 )<<<x§>2,;,jaz,zU}"+”>2+<<x§>2,;,j62,zU}">>2>O
3(ﬁ(n+1)’[j-(n)) 2127]__ 2 U;7L+1)7U;n) 2 =y,
9G4 2 (10 ((@e)23,0202U05 D)2 = ((we)3,022U1™)?
(awé”“’ﬁé")))Q,gf_?< 2 >< (we)25,1022U," Y — (we)33,02,2U;" )

__2 15 (gl g
= —T(ae )yt (U u).

The scheme is defined (2.28) with s =0

(n+1) _ g7(n)
St SYES Y B (N CC
At T\ SO0+ gy )
J

By substituting the discrete variational derivative, we get the scheme

(nt+1) _ g7(m) (n+1) (n+1) () ()
el { ;"2 + U U+ (U)?
At 6

2
g — 11
T ((“’j o2) (e, 4)5 twj (e 4)5 104) (U](" Unt U}”))
+ (wy104) ((we,-); "wj(we )5 10-) (U}”H) + U;n)>) } (3.3)
This scheme is the same as that by Furihata [3] if the grids are placed uniformly.

3.2 Numerical Example

We solved the KdV equation numerically by the scheme (3.3). The problem is set in the same way
as the famous experiment by Zabusky and Kruskal [13], where the domain is set to [0, 2] and the initial
condition is given by

u(0, ) = cos(mx).

The boundary condition is periodic. We set v = 0.022. Zabusky and Kruskal reported that the solution
exhibits a sharp slope near x = 0.5 at t = 1/7. We compare the numerical solutions that are obtained by
using a usual uniform mesh and a nonuniform mesh as shown in Fig. 1 in which the grids are concentrated
near z = 0.5. Both meshes consist of 55 grids. The spatial interval of the nonuniform mesh is about
0.005 at the finest area and about 0.06 at the coarsest. The time interval is At = 0.0001.

The numerical solutions at t = 0.44 by the uniform mesh and the nonuniform mesh are shown in Fig.
2 and Fig. 3 respectively. The solid line in each figure is a numerical result that is obtained by using the
finer uniform mesh that consists of the 400 grids. Comparing these two figures, we deduce that the use
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Fig. 1 The nonuniform grids that is used in Section 3.2.

T T
fine mesh

uniform mesh +

2>5
o] o>2  o>q4  o>6  o>8 1 2 1>p4 16 18 2

T

Fig. 2 Numerical solution at ¢ = 0.44 by the uniform grid. The solid line is that by the finer
uniform mesh that consists of the 400 grids.

distribution of grids

o o B+

1D — T T
fine mesh ——
nonuniform mesh  +

2D5
0 o>2 o4 o6 ob8 1 w2 1>4 1>6 18 2

Fig. 3 Numerical solution at ¢ = 0.44 by the nonuniform grid. The solid line is that by the finer
uniform mesh that consists of the 400 grids.
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-0.0024201890152 | b
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-0.0024201890155 b

Total Energy
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t

Fig. 4 The time evolution of the total energy in the case where the nonuniform mesh is employed.

of the nonuniform mesh can improve the numerical solution in the sense that the oscillation near z = 0.6
can be captured on the nonuniform mesh, unlike on the uniform mesh.

The time evolution of the energy in the case where the nonuniform mesh is employed is shown in Fig.
4, which confirms the energy conservation property that is stated in Theorem 2.11.

4 Extension to Multidimensional Nonuniform Grids

In this section, we extend the discrete variational method to multidimensional nonuniform grids. In
multidimensional cases, notation becomes extremely complicated. For this reason we consider the two
dimensional case only, but the extensions to more than two dimensional problems are obtained in the
same manner.

4.1 Target Equations

Here we consider the following equations on a two dimensional domain €2, which are two dimensional
analogues of the equations considered in the previous sections. We assume that there exists a sufficiently
smooth homeomorphism between €2 and the computational space.

In two dimensional cases, the variational derivative is defined by

0G 0G0 oG 9 0G

Su’ Ou  dxdu, Oydu,

The dissipative equations that correspond to (1.3) become

ou 0% 9%\ 6G

— = (=1)*H! — ) —, (t,z,y) €(0,00)xQ, s=0,1. 4.1

=0 (o) e (m) (0 X0, s (a.1)
We consider just s = 0,1, since there exists little equation with s > 1 in multidimensional cases.

Equations of this form enjoy the dissipation property.
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Theorem 4.1. Suppose that the boundary condition satisfies

[ (6
a0 ot 8’uw’ 6uy

9G
ou

-
) -nds

where n is the unit normal vector to the boundary and ds is the area element. Suppose also that

oG
— |V
/asz 5U<

n)ds:O

:07

if s = 1. Then the solutions of (4.1) have the dissipation property:

dH
dt

The conservative equations that correspond to (1.5) become

ou_ (0, 0
ot \ox  dy) su’

Theorem 4.2. Suppose that the boundary condition satisfies

ou [ 9G 9G\ " 6G\ 2
Lm(amuy) Rt /m<au) ds=0

Then the solutions of (4.4) have the conservation property:

arr _
dt

We show “the variational structure” of these equations:

— <0, H(t)= / G(u, ug, uy)dady.
Q

=0, H(t) :/G(u,um,uy)dxdy.
Q

(t,z,y) € (0,00) x Q.

Lemma 4.3. Suppose that a solution of (4.1) or (4.4) satisfies the condition

[ (oG oo T ads =0
o0 375 3ux’ 3uy o
Then
dH Ou 6G
— = | ——dady.
at S 0t du
Proof. By the Gauss theorem, we have
dH d
Fr &/QG(u,umuy)do:dy
L[ (L G 2o,
~Jo\ouat " ou, ot " ou, ot )Y

_[( om0
Jo\Ou  Or0u, OJyiu,
0G du

)

du
ot

25

dzdy + /
a

du
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(

0G 0G

-
) -nds
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Proof of Theorem 4.1. Applying Lemma 4.3 gives

dH 0G Ou

In the case where s = 0, substituting the equation yields

§G Ou §G\?
- _ =~ <0.
| ou ot dzdy /Q ((m) dzxdy <0

In the case where s = 1, applying the Gauss theorem one more time gives
0G Ou 0G 02 9%\ 6G
— —dzdy = — — 4+ — | — | dad
q Ou Ot vy /Q<(5u> <<8x2 +8y2> (5u> vy
8 9\ G\ 5G (G
~J (G ) 5) amar [ (T on) o
8 9\ G\
=— — 4+ — ) — ] dad
/sz<(3$+3y> 5”) Y

<0.

Proof of Theorem 4.2. Applying Lemma 4.3 gives

dH 3G Ou
dt — Jq du ot

Substituting the equation and applying the Gauss theorem yield
0G 0 0\ 6G
= G0) (v ) 5 as
8 9\ G\ (G 5G\?
S (G ap) ) () oo [ (52) o
0 a2\ oG 0G
-~ J (G a) &) (&) aso

%/QG(wuz,uy)dxdy =0.

and hence

4.2 The Dissipation/Conservation Properties in the Computational Space

In this section, we extend the discrete variational method to multidimensional nonuniform grids such
as the one shown in Fig. 5. We assume that the number of grids is (N + 1) x (M +1). As in the one di-
mensional case, we use the mapping method. First we describe the proofs of the conservation/dissipation
properties in the computational space with the coordinates (£,7), and then, we define the discrete vari-
ational derivative and the schemes.

In the computational space, the partial derivatives are transformed to

ov 4 (0y 0 0y o Ov 4 (0x 0 0Oz 0
v 9w Y A @I I 4.
5= (o stm)n =" (Gm o) )
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_— —— =0

Fig. 5 An example of nonuniform grids in R2.

where v is a smooth function and J is the Jacobian

9z Oz
J=det |55 97).
o€ an
Note that the partial derivatives are also written as
v 1[0 [0y 0 (0y Ov 4 ( 0 [Ox 0 835
— = - — — = — | = , 4.9
= (o) -m() 5= (7 () = (9

since Tey = Tyg, Yen = Yne-
By using these formulas, we rewrite the equations in the following forms that are suitable for the
discretizations. We transform the dissipative equations (4.1) to

ou 0G
Qu__ <6u) (4.10)

if s =0, and to
au

Oy (j1 (%9 0y 9 _ 9

on ondE  O€ dn on
o (o (220 00N (VYo
on o0& on  0On o€ ou ) o0&

if s = 1. We transform the conservative equations (4.4) to

Ou 1 g1 dy 0 Oy 9 (G Ly 0r 0 0Oz 0 5G

ot 2 onog 0 0on ou ) dEdn oo s
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i 7 (e ) (52).))

(4.11)
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o Gae (o (50).) a5 (e (50).) oo (35 (e (50).) e (5 (52), )3

(412)

(0G/du). is the transformed variational derivative

S\ 0G0 (WG 0 (0GN\, (D (920G 0 (90
Su),  Ou 0¢ \ On Ouy on \ 9¢ du, In \ 9¢ du, & \ On duy, ’

(4.13)
Theorem 4.1 and 4.2 are transformed to the followings.
Theorem 4.4. Suppose that the boundary condition satisfies
M £=N N n=0
[ (e ooy [ [t 06y s on) Ty
o Ot \duy On  duy On o Ot \Oduy 0§  duy O u
- n=
Suppose also that
M E=N
[5G (o (22 22 Y (56 By (20 0e 0 (36) orY,
o \ou ) on a9 .. On ocoy  onoc) \ou) _on) " -
=0
L) (2 -2y (20) (0 om0y (5GY oy
0 o ) an 6§ € dn ou ) ., 0 o0& dn  On o€ ou ) . 0 u
n=
=0, (4.15)

if s = 1. Then the solutions of (4.10) or (4.11) have the dissipation property:

A n=M [ £=N
ch <0, Hg(t) = / / G(u, ug, uy)Jdédn.
13

Theorem 4.5. Suppose that the boundary condition satisfies

Moy (6G oy 6G D e Nou (6G oy G D 0
IS Geg-soa)al v 5 (Gen-sos)e =0 o
o Ot \duz On  duy On o Ot \duz 0  duy 0¢ .y
£=N =0
M or5a\? dy Ox N s5G\? dy Ox
o) (Y% o) (Yo —0. 4.1
V (5. (or = 5n) M*/o (5). (5 af>d5 L 1

Then the solutions of (4.12) have the conservation property:

dH =M =N
= =0, Hl(t) z/ / G(u, ug, uy)Jdédn.
3

dt

For the proofs of these theorems, we prepare the Gauss theorem that is transformed to the computa-
tional space.

Lemma 4.6. Let u, vi, vo be smooth functions that satisfy

M y Ox N oy o B
l/o (vlanvgan>dn /0 u(vlag 8£)d§] =0. (4.18)

n=M

¢=N
+
£=0
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Then
n=M oy d Oy o (0D 9xd
L /g ( ‘(Gvae ~aton ) n o (e ayae) ) o

= o 1 (9 (% 9 (9y (0 (Ox o [0Ox
[ L GG -3 G )+ (5 Gem) - 3 (Bim))) s

Proof. We can obtain this lemma by applying the integration by parts in the £ and the n directions. In
fact,

dy 0 0Oy 0 41 (0x 0 Ox 0
/o /0 ( (oot ) oo (G~ o) ) s

oy 0 0Oy 0 or 0 Oz 0
/,, / < (3775686577) v <5€5775770§)u>d§dn
=M

9 (0dy
/ / 375 (3 1) dédn + / uvldn] L
=
= o [y > [N oy
+ — | = dédn — —uvid
/17 / 8 <8§ v1 | dédn o o€ 1d§ o
n=M E=N N n=M
—/ / g (agljvg) dédn + / uvodg
n=0 Je=o  On ¢ o € =0
_ _ =N
n=M E=N M
+/ / ué (8361)2) dédn — @uvgdr]
n=0 £=0 23 n o On £=0

7”:M5:N788y_88y (0 (0x o [0x

/ /5 (" <85 (%)%(a&))” ( (ae)af(an»)‘“fd”
N ay n=0

[ (- as)dgl

n=M

T ) ) o (B ) - ()

+

O
Next, we transform Lemma 4.3.
Lemma 4.7. Suppose that a solution of (4.1) or (4.4) satisfies the condition
=N n=0
Mo 6G Ay 0G Ox N 6G oy 6G O '
U | ——=—=— —— | dn + U | — == — ——== | ¢ =0.
0 duy On  duy On B 0 dug 06 duy O B
£=0 n=M
Then
dH =M =N gy (166G
— = — [ — . 4.1
dt /7]—0 /5—0 ot ( ou ) cs Jdgdn ( 9)
Proof. By the chain rule, we have
n=M
dad 4.2
dt T / /§ Gdady (4.20)
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"M/ 0Gou  9G duy G duy\ |
¢=0 \Ou ot  Ou, Ot ~ Ou, Ot Y

/
n=M r&=N
[ [ g [ (26 (20 v
n=0 Je=o Ou Ot n= ¢ 8uz on 06  0€ On
0G ., (0x0uy Ox Ouy
(55~ arat)) e
By applying the transformed Gauss theorem shown in Lemma 4.6, we get
/77 M/fNaGaujdgd —/?7 M/ENa“ 1( 0 (9y 0G
¢ Ou Ot = o0& 877 Ouy 37] 8 3ux
0 [0z 0G Oz 0G
7 (5 (Geow,) ~ ¢ (3r,) ) f 7060
T
n=0 £=0 at
oG 4 (0 [0y oG 0 (0y oG 1[0 (0xz0G 0 [0z 0G
15 - (7 (& Gro) -3 (%)) + 7 (35 (o)~ () ) ) ooeen

ou (6G

Ho

Now we can prove Theorem 4.4 and 4.5.

Proof of Theorem 4.4. By Lemma 4.7, we have

n=M (é=N
_ " / Ou <> Jdedn. (4.21)
3

In the case of s = 0, substituting the equation (4.10) yields

(4.21) /17 M/g () Jdédn < 0.

In the case of s = 1, substituting the equation (4.11) and applying the Gauss theorem in the form of
Lemma 4.6 yield

7% (22222 (5)
o (0 8 () ) oo 6 (5 (0 (20 22) ()
L0 (E ) (9) ) () e

L"OML A

/_\

oy & 0Oy 0 6G or 0 0z 9\ (G 2
(v - 8§8n><u) )*('J (35377 ) <6u>cs>}‘]d§d"



Proof of Theorem 4.5. Applying Lemma 4.7 we have

n=M (=N
/ Ou () Jdédn.
& Cs

Substituting the equation (4.12) yield
n=M (&=N 1

I

v (o (50).) &

o¢ on
Applying Lemma 4.6, we have
/n M /5 N 1
5
Jfl ay o 2
85 (5u an

-|-{J—1 (6y8 8y8

and hence, this equals 0.

3y8
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(2

o€ On

on 6§

)E).

S

ou

St ) (50) 7 e ) (50).)
(50).)) = (5 G (R)) % G

9y
o€

5G (0 [0z
(50).) )+ (o (e
or 0 0z d
(55 on  Onog

(5:).)
) (5).

G
ou

il

(

0
23

) Jdg&dn,

4.3 The Discrete Gauss Theorem on Multidimensional Nonuniform Grids

0G

ou

ox
on

(

).

oG

ou

)

) Jdedn.

)i

In this section, we provide a discrete counterpart of the Gauss theorem. As is seen in the proof of
Lemma 4.6, the Gauss theorem in the computational space is obtained simply by applying the integration
by parts in the £ and the n directions. Therefore the discrete Gauss theorem is obtained by applying the

summation by parts in each direction.

First, similarly to the one dimensional case, we introduce an averaging operator to simplify notation.

Definition 4.1. Let ¢ and 6, be finite difference operators in the § and the n directions respectively:

[e3%

0¢lUij =
k=—a k=—p
We define a; , aj y, Bj,k and l;;’k by
- a_iqyry (k=i—ai—a+1,...;i+a—
Qi =
o 0 (otherwise),
i = ki,
b, [k (B=i=Bj- 1
» 0 (otherwise),
b;,k == _bk’j.

B
> Uik, 6Uis= Y bilijp.

1,i+ ),

a]+ﬁ_17,7+ﬁ)a

For Ui j, Vi; and Vo, ; we define an averaging operator p(pq,s.s, ce e e yn) Ui}, Vit {251

by

'u’(ag-,ég 7571 sTETn,Ye 7y77) ({UZ

s Wit {V2,ig})
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N+«

M N
- Z Z Z wi iU (Wi g (Un)i @ik Vg — w; ) (@), ;8 kVa k)

Z wi ;Ui j (w;} (yn)i @i kVikg — wi ) (@), 80k Vork 5)

N M M+
YYD, wi,jUi,j( w; (@) ;bjkVo,ik — (yé)i,jbj,kvlai7k)
i=0 j=M—B+1 k=M+1

N pB—-1 -1
YD wi Uiy (w ( i @) bk Vain — Z}(yg)i,jbj,k‘/l,i,k)
=0 j=0 k=—0

N+«

M N
+ Z Yo > wigUsy (i )k @ik Vi — wi) (@) 855 Vi)

j=04i=N—-a+1k=N+1
a—1

Z wleUka ( i,J (y’fl) k,j z le ij T (xn)kdaik‘/&i,j)
3=0 i=0 k=—a
N M M+ _ _
+> DY wiUik (w{,jl (w¢); 105k Vaiig — wi ) (yﬁ)i,kb;,kvl,LJ')
i=0 j=M—B+1 k=M+1
B—-1 —1

N
YD wi Uik (wi_,jl(xﬁ)i,kb;,kvli,j - wi_,jl(yﬁ)i,kb;,levlmj) :

When U; j, Vi,;; and Va2 ; ; approximate functions u, vi and v respectively, this value approximates

the boundary term (4.18) in the Gauss theorem.
We can now state the discrete Gauss theorem.

Lemma 4.8. Let 6¢ and 0, be finite difference operators in the & and the n directions respectively. Let
Uij, Visy and Vo, ; satisfy

09066 82 2w vy) Uit {15} s {Va,i51) = 0.
Then

N M
SO wiU <wi_,j1 ((yn)i.j0e = (Ye)i.j0n) Visig +wij ((we)i ;65 — (4); ;0¢) V2,z;j>

=0 j=0
N

=0 j=0

+ Vagwi; (6, ((we); jUis) — 8¢ (), U,J))> (4.22)

M

w;, (Vlww (02 ()i sUs3) = 0y ((ve)i,;Uig))

Proof. The proof is the same as Lemma 4.6. By applying the summation by parts in the £ and the 7
directions, we obtain

1=0 j=0

Z wa i,j ( ((y'fl)z 0¢ — (yf)i,j5n) Viig+ wi_,jl ((xf)i,jdn - (mn)i,jfsé) Vi,j)

M N N
Z Z Z w; ;U 5 (w;jl(yn)i)j&i,k‘/l,k,j - w;’jl (2y); @ik Va,k,j) + (boundary term corresponding to d¢)
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w; ;U (w;j.l (xg)i,j5j7kV27i7k — wi_’jl (yg)wéj,kvl,i,k) + (boundary term corresponding to d,,)

bl Z7

M-

+

Mz I[M=
]

<
Il
o
=
Il
=]

wg,;Ug,j (w,;; (yn)k’jdf’kVLi’j — w,;; (:C,,)k’jdf’k‘/g,i,» + (boundary term corresponding to d¢)

] =
M= 1M 1M

w; kUi & (wl_,i (xg)i7kl~);k‘/'27i,j — wb_kl (yg)i,ki);’kvl,i’j) + (boundary term corresponding to dy,)

M= 1M

<
Il
o
<.
Il
<

1= 11
I

w;, <V1mw (8¢ ()i jUig) — 05 ((ve)i ;Uis))

V! (5 (e, Uns) — & (@@ wm)

+ (boundary term corresponding to d¢, J¢, dy, 6;).

The straightforward calculation shows that the boundary term equals 1(aq,s, 5, x¢ 20 ye,yn) (AUig > {V1,i5 )5 {V2,i,5})-
Therefore

N M

=—Zzwm(vu,]w 652 () shs) — 5 (s6)e,T)

=0 j=0

— Vaijwi ) (85 ((x¢);;Uis) — 06 ((xn)i,ij))).

4.4  The Definition of the Discrete Variational Derivative

In this section we define the discrete variational derivative on two dimensional nonuniform meshes.
Similarly to one dimensional case, we define the discrete variational derivative so that they approximate
the transformed variational derivative

E _0G g1 9 (9y oG\ 0 [0y oG gt 8 0z G\ 0 [0z 0G
ou T ou ¢ \ on Ouy on \ 9¢ duy € du, & \ On Ou, '
We assume that the energy functional G(u, us,u,) is given in the next form:

(t, ) Zfz w)gi () (uy). (4.23)

We define the discrete energy functional Gd(ﬁ(”))i,j by

M,

Ga(T™); Zfl U(n < Z g1 ((wi_,jl(yn)l,m,i,j5£,l,m - wi_,jl(yf)z,m,i,jén,l,m) Uf,?)

ml:1
b (05 @)1 i Ontam = 07 @)t 0 m) Uff?)) (424)

and the discrete total energy H(™) by

N M

H™ =375 "w; ;Ga(@™); ;. (4.25)

i=0 j=0
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Definition 4.2. We define the discrete variational derivative of Gd(ﬁ(”))m by

0G4
5(ﬁ(n+l)7ﬁ(n)) .
2
M,
Sy L 9G
M, o+, gy )
s,

=1 m=1

_ 0Gq 0Gq
~wi i | Ot | Wi | =m0 =00 = Ot | Wimig | —FmrD m00c
g\ 76 n/lmyij a( £n+1)’U£n)) i il §)1,m. i, a( g(:n+1),U7En)) i

oG oG
w8 o | @i | === St | @)y | == ,
A e Ty, Ty") RERN o e a0, ) Lm.i,j
(4.26)

where

. 9Ga 1 (AUSTY) = 0

o+, Tm) ), 6 Ut — g

- n+1 _ n

(le ((wivjl(yﬂ)l,m’i,j‘sﬁ’l’m N (yﬁ)lmm‘snlm w+ )) fu ( u (@e)1,m,i,50m.1m _wi,jl(xn>l,m,i,j6€,l,m) Ui(,jJrl))

-1 —1 +1 -1 2
((wi,j Yn)tmi g 06.tm = W5 5 (Ye)tm i 50n,tm) U(n )) hi ( 1,] (@)1, On.am — Wi 5 (Tn)im,i,50e..m) Ui(,?)>
+ ( —1( ) 5 _ —1( ) 5 U( n) h 5 _ —1( ) 5 )U(n-‘rl)
G\ Wi 5 Un)i,m,i,j9¢,0m — Wi 5 \Ye)1,mi,j9,1, m i,j l z] :Eg Lm,i,iOnlom = Wy 5 \Tn) m i,j06,Lm) Yy 5

+29l ((w;; (yﬁ)l,m,i,j(sf,lym - w?:jl (yﬁ)l,m,i,j6ﬁ7l>m) Uz(])) h’l (( w; i (‘rf)l,m,i,jéﬁ:Lm - w;,jl (xn)l,m,i,j6€;l7m) Ul(j)))
(4.27)

8Gd 1 n+1) —1 —1 (n+1)
(8(ﬁ(n+l) ﬁ(")) > 6 (Qf( ) l (<wi7j (mg)l,m,i,j(sn,l,m Wy (x”)l’m’i’j(sg’l’m) Ui*j )
z ’ /7 lmyi,g

AU (07 @)t = 03 @)t s Oetm) UL )
+fl(U](n Y (( w; j (xE)z,m,i,j‘sn,l,m - w;jl(ffn)l,m,i,jfsé,l m Z(?+1)>

+2fl( )hl (( w; ; (xﬁ)lm z,]éﬂlm_w Jl(mn)lmz,gfsilm Uz(]))>
g1 ((wfjl (yn)l,m,i,j‘sf,l,m — W ; (y€>l,m,i,j677’lxm) U’L(le+1)) — 4 ((w;jl (yn)l m i,j(sﬁ,l,m - w;,jl (yé)z,m,,i,j(;n,lw) Uz(?))

-1 -1 (n+1) -1 (n)
(wz',j (yn)l,m,i,ﬁé,lm —W; 5 (yé)l,m,i,j(sn,l,m> Ui,j - ( w; (yn)l m 1,355 Lm — Wy ; (?/E)z,m,z‘,j‘sn,lym) Ui,j
(4.28)

)
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6Gd 1 n+1 _ — n+1
<W> "6 (2R g1 (03 Wt g0tam = 07 WDt s0nam) U5
( Y 'Y ) 1,m,i,j

+fl(U](n+1))gl ((wijjl(yn)lﬂrz,i,jé&l,m - wi_,jl (Zl&)z,m,i,j%lm) Uz(?))

+fl( (n )1 ((wi_,jl (yn)l,m,i,j5£,l,m - wi_,]'l(yf)l,m7i,j67l l m) UZ(ZH))

L2 g (w5 )i g0t = w3 Wt g01m) ULT))
hi ((wi_,jl(zs)z,m,i,ﬁn,l,m —w;; (xn)z,m,i,ﬁf,l,m) Ui(?+1)) — ((wz 3 @i jOn tm — Wi () g 7 06, m) Uz(?))

-1 -1 +1 -1 -1 (n)
(wi,j ('Tf)l,m,i,j(smlam — Wy 4 (xﬁ)l,m,i,jéfylﬂW) Uz(? ) (w” (xf)l,m,i,j(sn,lm — Wy 5 (xn)l,m,i,j557l;m> Ui,j
(4.29)

The discrete variational derivative is defined carefully again so that this brings the variational structure:

Lemma 4.9. Suppose the condition

n+1 n
(09,86 1,m6m,1,m (e ) t,mi55 (@0 tm 1,5 >(We )t moi 5 (Un ) moig) At ’ 8([73(;”+1), [j'(n)) i )

x
oG
a(Uy 7Uy ) 1,m,i,j
is satisfied for each I and m. Then
(n+1) (n)
1 U; - U 0Gy
— (oD - ) & . . . 1.31
ai ZZ% At SO, 0wy ) 3y
1=0 j=0 ? i,
Proof. From (4.27)—(4.29) we have
1 (H<"+1> H(n)) _
At
| NoM KM
1,7 n+1 — n+1
7 Z Z Z Mlj Z (fl(Ui(j+ )) (gl (( 1,7 (yn)l,m,i,jfgfvhm - wi7j1(yﬁ)lﬂn,i,janvly’m) Uz(_]+ ))
i=1 j=1 I=1 mi=1
_ — n+1
hy ( wi,jl (%)l,m,i,jfsn,hm - wi,jl(x??)l,m,i,jéfahm) Uz(J+ )>)

(
_fl(Uz(,T;)) (gl (wz ,J (yn)l m 2,]65 lm — w;; (yf)l,m,i,jan;l’m) Uz(zb))
(

N M K M, (n+1) (n)
_ wij 5~ [ (Vi — Uiy _9Ga_
2225 3 At oO0, Ty )
m,i,j

-1 _ o (%] .7 d
+wig (Wn)mijOetim = Ue)rm.i0nt.m) < At P BRI —

@
Il
<
~
I
<
Il
-
I

gt _ 0Gq
+w, 1 X m,i 0, m — T m,i 0. m = = i 7
1,5 (( f)l 3900, ( 7])1, 0,5 6l ) ( At a(UgSnJrl)a U(n))y lym,i,j
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By applying Lemma 4.8 we get

N M K s M, U(n+1) U(n)
i,
ZZZ Ml 1 ( At )( (nt1) U(n)>lmm

=0 j=0 I=1 m=

—1 *
_ wm- 5£,l,m (yn)l m,i,J (8 (n+1 U n)
xr

U«
>l m,i,J
oGy ) U(n+1> U(")>

mbm \ WEILmid \ o@D gy

l,m,i,j

—w L

9 00 (336)1
i, n,l,m m,i,j a( U(n+1 Uyn i

LT (e (e I 1 =
—Y¢,m nJ)l,m,i,j —(n+1 —(n
Ty 08) ) i At

N U(n+1) Ui(,?) 5Gd
= E :ww = = .
, At S(UM+Y M)y |
,J

by

4.5 Design of Schemes for the Dissipative Equations
We define the scheme for the dissipative equation (4.1) by

(n+1) (n)
Uy Uiy’ _ 6Gq
At S(UM+D) (n)) iy

if s =0, and by
W s ((yn)” (w;; ((n)ij0¢ — (We)i ;0n)) <5( F(nt) U(n ))U)
wiy by | Wedig (wif ()i — ()i 0n) 5( U<n+1 o) ))Z,J)
+ wl_jléf, ()i (wy, Jl (COIRLE (5 J(n+1) U(n )>m')
—wig ¢ | ()i (wi ((@e)i 0w — (@n); (5 U<"i?dU (=) )>m) e
if s =1.

Theorem 4.10. Let w; ;s be positive. Let U(r;) be a numerical solution of the scheme (4.32a) or (4.32b)
under the boundary condition that satisfies the assumption of Lemma 4.9. Suppose also that

060Gy
u(aﬂvéivéﬂa(IE)iwja(In)i,J'a(yi)i,ja(yn)i,j) 6(U‘v(n+1) [j(n)) ’
) i
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0G4

5(U(n+1),U(n))>i7j}
5Gly ) })
) 17]

wi s ((yn)x. ;06 — (ve)

k.g%n) (

w,;; ((xe)g,j0n — (xn)y ;0¢)

{ 5([7(n+1)7 (n)
if s=1. Then
1

= <H<n+1> _ H(n)) <0.

Proof. This theorem is obtained in almost the same way as Theorem 4.4. By Lemma 4.9

1 U(”H‘l) Uz(,n)
oo ()

=0 j=0
In the case of s = 0, substituting the scheme (4.32a) yields
2
) ) <o
()

(G

In the case of s = 1, substituting the scheme (4.32b) and applying Lemma 4.8 yield

33w )

G4
Jn+1) ()

)

N M 5Gq
Z Z U(n+1)7 ﬁ(n))

i=0 j=0

(4.35)

0G4

(4.35) _—
{j(n+1) U(n))

=0 j=0
( (yn i,j y,,)ué yf U <5 U(n+1) ) ) )
—1 ¢x*
,] (517 ( yn)1 35 yf l] <5 U(n—i—l) U(n) > )
15* 5
+w; 5o, ((ze)s s 5( U(n+1) Um)
( . ((ze)s 5600 (5 n+1)U ) )
2

0G4

( o (n)isde = (v6):0) (a( ;

en
((mé)i,j‘sn - (xn)i,j(sg) (5(_'

-3 Y,

i=0 j=0

+ (w

<0.

.l

.l
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=0 (4.33)
(4.34)

, we have
(4.35)
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4.6 Design of Schemes for the Conservative Equations

We define the scheme for the conservative equation (4.4) by

gt g 6G
7, 7, _ —1 —1 d
# =5 (Wi ((We)i ;0 — (Ye€)i ;0n) +wiy ((we); ;0 — (x0); ;0¢)) m
i,

)

oG,

-1 d

+’LU,LJ 13 (yﬁ)zg (5(U(n+1), U(n))> N n (yﬁ)z,] (6(U(n+1 U(n
ij

0G
-1 d
+wz,] n (xﬁ)l,] (5(U(n+1),U(n))) N 3 (.1'17) (5(U(n+1 U(n) ))
i,
(4.36)
where J¢ and §,, are the central difference operators in the ¢ and the 7 directions respectively.

Theorem 4.11. Let U( ") be a numerical solution of the scheme (4.36) under the boundary condition
that satisfies the assumptwn of Lemma 4.9 and

5Gd 6Gd
H(09,6¢,0c,(ze)i iy (n)igs(Ye)i i (Yn)ig) W ) m )
1,7 ,J
¢ =0. (4.37)
U(n+1) U(n)) )
i,j
1

~ ( O+ _ H(n)) —0. (4.38)

Proof. This theorem is obtained in almost the same way as Theorem 4.5. Applying Lemma 4.9 we have

Then

N M (n+1) (n)
1 U; -U;" 5G.
— (g@+) _ g — ; i,J Y] _ d_ )
At ( ) z%;%w J At SO+, Tm) )
1= 2,

Substituting the scheme (4.36) yields

*%MW. _ 8Ga
2 - . ,J 5([]' (n+1) U(n) i

) B 0Gy
(wig ()i, i = (9e8)s,100) +wij (@e)s ;09 = (2n):0)) (5@(”“)75(")))‘]

)

0G, oG,

-1 d d

+1Uz,] € (y'r])l,j <5(U(n+1), U(n))> N n (yf)z,J (5(U("+1), U(n))> o
1,7 2,7

) )

G G

-1 d d

Fwig | 9| @i (5(U(n+1)’U(n))>l 4 e | @i <5(U(n+1)7U(n))>‘ ,
2,] 1,7

B ’
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Since 0¢ = 0, = 6. = 0, applying Lemma 4.8 gives

R %w < 5G4 >
Sy i3\ S D) T
2 i=0 j=0 SUHD, Um) i,
0G, oG,
—1 * d * d
{wm ( n (“”f)M (5(U(n+l)’U(n))>l ' £ (x”)w (5(U("+1),U(”))>, )
1,7 1,3
0G 0G
-1 * d % d
st ( e | s (5(U(n+1),U("))>. . v | Wi (5(U<"+1>,U<">)>, ,
1,7 1,7

— * * — * * 5Gd
(wi,jl ((yc)i,j(s.f - (ycf)i,jén) + wi,jl (('rﬁ)i,j(sn - (‘rn)i,j(Sg)) (M)

N M
1 6Gq
=3 Z Zwu (5([‘]'(n+1)7 [7(”))>
2,
0G 0G
{U}Z,] ( n ((xf)z,j (5(U(n+1),U(n)) N 13 (xn)z,] 6(U("+1), U(")) N
1] ]
_ 0Gy 0Gy
+ w@,] ( 13 ((yﬁ)z,] (6(U("+1), U("))> A ) n ((yf)z,] <(5(U(n+1), U("))> ‘ ) )
1,] ]
”}

and hence this equals 0. O

_ _ oG
(wi,jl ((yC)i,j(sE - (ycg)i,j(sn) + wi,jl ((mﬁ)i,jén - (xn)i,j5§)) (M)

5 An Example in the Two Dimensional Case

As an example in the two dimensional case, we derive a dissipative scheme and show a numerical result
for the Cahn—Hilliard equation

du _ 596G _ Py T4 (o’
at_AcSu’ G(u,um,uy)—2u +4u _2<<5‘x> + 9y . (5.1)

5.1 An Energy Dissipative Scheme for the Cahn—Hilliard Equation

We first define the discrete energy functional for this equation. The energy functional G(u, uy, uy) is
written in the form of (4.23) with K = 3 and

A =Sut+ Tt fw) =1, flw) =1,

We introduce the discrete energy functional so that it corresponds to these. On the given mesh, we
introduce the weights by

wij = (Te,e)ij(Yne)ig — (Tn,e)ini (Ve )i
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(xgic)’lh] - 2 ’ (ygic)’lh] - 2 )

2 ’ 2 '

(ajn,c)i,j = (yn,c)i,j =

We use the following difference operators for the discretization:
0¢+Uij = Uiv1,j = Ui, 0¢,-Uij = Uij = Ui-1j, 0n Uiy = Uijir = Ui, 0y, -Uij = Ui = Uij-1.

)

For [ = 2 we set My = 4 and approximate go by
_4,
2!
i (0 (et = Wb US) + (0 (e — (ec)s 0n) US)
2 77C 1,796+ — \Ye,c)i j0n,+ i, \\YUn,c)i jO¢,+ Ye,c)i,jOn,— i,

QQ(U@ =

( 17]1 ( yn C 2355 - (yf C)'L ]6"7 +) U(”)) + (w;jl ((yn,C)z‘,j(sE,— - (y§>c)i,j57]7—) U(,?)) > )
which gives

(Ye)2,1,15 = (Ye)2,2,05 = We)2,3,05 = We)2,4,0,5 = Wec)ings
(Yn)2,1,15 = (Un)2,2,i5 = Wn)23,5 = (Yn)2.4i5 = Un,c)ijs
0g 20 =0¢22 =0¢4, Ogo3=0¢24="0¢—, Oyp21=20p23=04, O0Op22=0p24=0_.

Similarly we set M3 = 4 and approximate hs by

1 q _ n _ n
= _Ei <(w Jl ((xé c)i ]677 + = (@) J(SE +) U( )) + (wi’jl ((xg’c)ivj(sn’+ N (xn’c)i’jag’i) U’(])>
2
+ (w_,Jl ((w¢.c)ij0n— — (Tn.c)i0c.+) U( )) + (wi_,jl ((w¢,c)i 50n,— — (Tn,c)i ;0e.-) Ui(,?)) > )
which gives

(Te)3,1,i5 = (Te)3.2:i5 = (Te)3,3,05 = (Te)3,4i5 = (Tec)i g
(@n)3,1,i5 = (Tn)3,215 = (Tn)3,3,1,5 = (Tn)3,4,.5 = (Tn,c)i g

0¢c31 = 0633 =0¢4+, Oc32=0634=0¢—, Op31=0p32=0y+, 0533=0y34=0,_.

From the above we define the discrete energy functional by
7 (n p 7 2 r ie 4
Ga(U™);; = 5 (Ui(,;)) T (Ui(,;))
() %

Yn, c) i,i08,+ — (yﬁc ij n + Uz, ) + ( 3/17 c) ,j55,+ - (yi,c)i,j(sn,—) Ui,j )

06— — (Ye.o)i ;0n—) U<">
yn c &— Yec)i , 79—

R
M2
+ ((
2
+ (w xEC 7 77+ (xn C)z ]5 )U(n))

(v

1gq
M2(w m&c)” n+ = (‘rnclj55+

(i ()i
F ((Unic)i j0e— — (We)i jOn4) U ) + (w -
(wi} ()i (o

- )
3
* (w;’l ((:175 C) 57”_ (a:n C)Uaf + U(n)) + (w ; ( xf ci,j 77 - (xn c)i 165 ) Ui(,?))2> .
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Next we define the discrete variational derivative by (4.26). For I = 1, we set M; = 1 and obtain

0G n n
(mdn)) =5 (UG +ul)
U UM i
r (n+1)\> (D2 1(n) (n+1) (++(n)\2 )\ 3
+4<(Um' ) +(Ui,j ) Ui + Ui (Uz’,j> *(Ui,j) ;

(8(1) _<8G> 0
6(&"“)’@”)) 11,45 a(ﬁénﬂ)aﬁén)) 1,1,i,j

For [ = 2, we have already set M = 4 and obtain

9Ga =_1 (n+1) |, r7(n)
(W) = =5 (WUne)iyder = (Wee); +U),

o 2,1,i,5

= _7wi_,j1 ((yn,C)i,j5£,+ (Yec) U(n+1) + U(n)>

0G4

) (V5

) oI
<8(Uﬂ(73'(1;)d(]ﬂ(m> - 7%“’%'_,]‘1 ((yn,C)i,j(sg, yg )i Syt (U(n+1) + U(n))

) 05

» T ) 2,3,i,7
<8Gd
ot i)

__9Ga___
AU (+1) ()

q

- n+1 n
= _§wi,j1 ((yn,C)i,jéi,f (Ye.c)i ;O )+ U( )>

oG
) <<+><>> =0 (m=1234).
2,m,%,j 6(Uy 7Uy ) 2,m,i,j

In a similar manner, we have for [ = 3

q _ n+1 n
= _iwi,jl ((vac)zkjanﬁ (T,c); J U( ) + U(

q _1

+1)
= 7711}1-7]- ((:L’g,c)id-(sm xn )i U(" + U( n)

U("‘H) + U(”)

( > de) ( 7).
<8(U(8G)U())) = (e — (et (V) + U8
( ) de) ( 7).
( ) e ( )

q
= iw 1 ((:L'E C)ljénf xnc i.j
3,4,4,7

0G ile,
<£9l7<n+1>dﬁ<n>> - <~<+1>d~<>> =0 (m=1234).
( ’ ) 3,m,i,j a(UT ) Uz ) 3,m,ij

By using the above symbols, the discrete variational derivative is defined by
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The scheme is defined by (4.32b) with, for example, d¢ and J,, being the backward difference d¢ _ and
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Fig. 6 The grid that is used in the computation.

Oy —:

U_(n_+1) . U_(n_)
i, [ —1
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0Ga
At (0
(i),
S(U+1) Tm) .
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S(U(+1) ) g
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(@0, G ) )

1)

We solved the Cahn—Hilliard equation on the annular domain €2 as is shown in Fig. 6 by the scheme
that is derived in the previous section. We set the parameters of the equation to p = —1, ¢ = —0.001 and
r = 1. The domain € is represented as 2 = {(z,y) | x = pcosf, y = psinf, 0.1 < p <0.7, 0 <6 < 27}
by the polar coordinate. We used the grid that is shown in Fig. 6, which is written as

#(60) = p©) coslO)), y(&,m) =€) n6(n), p(EO) = 3%+ 1s BN = ()

- wi_,j15n,+ (yf,c)i,j (wi_,jl ((yn,c)i,jéé,— - (%,e)i,j%,—))
=+ wi_,jl5n,+ (mE,C)z’,j (wi_,jl ((‘T&C)i,j(;m— - (In,c)i,j‘;&—))
(@y.c) )

- wZ]*15£,+ (Imc)i,j (wi_,jl ((I&C)i,j(;%— — Tne i,j5§7—

5.2 Numerical Example

in the computational space. The number of grids are 30 in the £ direction and 40 in the 5 direction. We
set the periodic boundary condition in the 7 direction and
Ju 0
— =0, —(Au)=0 5.3
5 =0 g (Bw) (53)
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Fig. 7 The time evolution of the total en- Fig. 8 The time evolution of the total en-
ergy of the numerical solution computed by ergy of the numerical solution computed by
the naive scheme. our scheme.
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Fig. 9 The time evolution of the total den- Fig. 10 The time evolution of the total den-
sity of the numerical solution computed by sity of the numerical solution computed by
the naive scheme. our scheme.

in the £ direction. Under these conditions the solution has the dissipation property. Additionally, the
Cahn—Hilliard equation describes the phase separation and the solution u denotes the density of the
materials. Under the above conditions, the total density is also conserved:

d
— daxdy = 0.
dt/quy

We set the initial condition by
1(0,&,m) = 0.001sin(107(r(€) — 0.1)) + 0.001 sin(76(n)).

As a naive method, it is natural to employ the implicit Euler method in time and the central difference
that approximates the Laplace operator in the polar coordinate

2 10 1 02

A= -2 4 2
dp? - pop - p? 062

So we compared our method with this naive method.

When we used the naive method, the scheme is unstable even with At = 10~7. This result should be
due to the fact that the naive method does not retain neither the energy dissipation property nor the
conservation of the total density. Indeed both the total energy H™) and the total density Zi, Wi Ui(,?)
diverge as shown in Fig. 7 and 9.
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Fig. 12 The numerical solution by our
scheme at ¢ = 0.05.

Fig. 13 The numerical solution by our Fig. 14 The numerical solution by our
scheme at ¢ = 0.08. scheme at ¢t = 0.12.

On the other hand, our scheme is stable with At = 1073. The time evolutions of the total energy
and the total density in that case are shown in Fig. 8 and 10. The dissipation property of our scheme
is confirmed by Fig. 8. Additionally, although we omit the proof, the total density is preserved in our
scheme, which is confirmed by Fig. 10.

The numerical solutions by our scheme at ¢ = 0.0,0.05,0.08,0.12,0.15,0.75 are shown in Fig. 11-16.
The black region and the white region in the figures correspond to the regions where the value of u is
almost —1 and 1 respectively. They represent the different phases and the total energy decreases when
the phases coalesce. In fact, the coalescence of the black regions is observed from ¢ = 0.05 to ¢t = 0.08,
while the decrease of the energy is observed at the same time. We can see similar phenomena also from
t=0.12 to t = 0.15 and from ¢t = 0.15 to t = 0.75.

6 Dissipative/Conservative Schemes for Complex Valued Equations

The discrete variational method has been extended to other equations than those of the form (1.3) or
(1.5), which include complex valued equations and nonlinear wave equations [5, 8, 10]. Our extension can
be also applied to such equations. As an example we show an application to one dimensional complex
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Fig. 15 The numerical solution by our Fig. 16 The numerical solution by our
scheme at t = 0.15. scheme at t = 0.75.

valued equations. The extension to two dimensional case is obtained in the same way as Section 4. We
omit the proofs of the theorems below, but they are proved in similar ways to those in Section 2. The
original discrete variational method for such equations is shown in [10].

We consider the dissipative equations

Ju 0G
—=_= 1
ot ou (6.1)
and the conservative equations
Ju 0G
— =—— 2
ot ou’ (62)

where u is a complex valued function and % denotes the complex conjugate. The dissipative equations
include the Ginzburg—Landau equation

ou 9%u

o Yoz

where p, ¢ and r are real parameters, and the conservative equations the nonlinear Schrodinger equation

+ glul*u + ru,

o _
ot Ox2

where + is a real parameter. The variational derivatives are defined by

0G _9G 9 0G oG _9G 9 oG
Su  Ou Oxdu, Su Ou OxOu,

+ P

The energy functional G(u,uy) is assumed to be of the next form:

K
Glu,ug) =Y filw)gi(us),
=1

where fi(u) and g;(u;) are read valued functions that satisfy

filw) = fi(@), gi(uz) = gi(ta).

As is well-known [10], equations of the form (6.1) are dissipative.
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Theorem 6.1. Suppose that the boundary condition satisfies

0G ou oG ou)" _
u, Ot~ dug, Ot |,

Then the solutions of (6.1) have the dissipation property:

d L

T G(u,uz)dz < 0.

Similarly, equations of the form (6.2) are conservative.

Theorem 6.2. Suppose that the boundary condition satisfies

oG du  9G oul*
— 4+ =0
Ou, Ot = Ou, Ot |

Then the solutions of (6.2) have the conservation property:

a4t
&/0 G(u,uy)dz = 0.

6.1 Definition of the Discrete Variational Derivative

We can introduce the discrete variational derivatives for these equations in a similar way as Section 2.
We define the discrete energy functional by

7)) =y (LS (n)
QD Z AU (M Z 91(¢)1m ;00mU;" )> :

m=1

and the discrete total energy H(™) by (2.21).

Definition 6.1. We define the discrete variational derivatives of Gq(U )(") by

L -yl (. 9Ca
5(17 n+1) U”) — M, m—1 a(ﬁ(n+1)’[7(n)) l,m,j

oG

—1 % -1 d

—w; 0 g | (), w5 <~(n+1>~<n>> ’
oot oy )

( 8Gd ) . <fl(U(n+1)) . f (Uj(n))> Uj(n-i-l) + U](n)
o( y

U»(”Jrl)7 ﬁ(n)) |Uj(n+1)|2 |U(n) 2 2

2

([ A Gy
a(ﬁén—i_l)’ﬁén)) l,m,j 2

<gl(( )lmjalm (n+ )) gl(( )lmddlmU( ))> ( )lmjal m +1)+(3" )lm](sl m (n)

|(@e)i . ;0t.mU. (n+1)|2 (o) 0m U™ 2 2

( a((@e)i ) 0mUS ™) + gu(@e) ) 0m UL >>
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and

3Gyq _Z 1 Z 9G4
SO+, T () = M= \\o@ern, gy ),

oG

—1 cx -1 d

_wj 6l,m (xf)l,m,jwj <"(n+1)"(n)) ’
Uy U ) ) 1

en _ (A0 =m0 (U U
8([7'(n+1)7 ﬁ(wz)) - : |U](n+1)|2 _ |U(") ‘2 2

<gl(($ Dim i OumU ) + gul(we)i , 00m U} ))
2 )

9G4 (RO + )
oG Gy ), 2
y YV m,j

<gl(( )ler](SlmU(n+1)) a((z )sz‘;lmU( ))> (( )lm]é U(7L+1)—|—(£C§)lmj5lmU )
I( )lmj(;lmU(n+1)|2 (z )lm]5lmU(n)|2 2

Lemma 6.3. Suppose the boundary condition satisfies

n+1 n
T /~L(+,6 ms (T )_m_j) At [ AT gy Un (Jn
§ l § : 1 &)i,m, At 6( 95 1)5 ( )) l,m,j

=1 = z

(n+1) (n)
Uy Y 0G4
J J —
T (@) ) {At} : (W) +(C.C.) =0
l,m,j

where (C.C.) denotes the complex conjugate of the other terms. Then
HOFD g J _—d C.C.).
At ( ) - Zw] At ST, Tm) +(GC)
J

6.2 Design of Schemes

We define the scheme for the dissipative equation of the form (6.1) by

(n+1) (n) 5
R - _ f# (6.3)
At S(U+), U m) ;
and by
(n+1) _ r7(n) 5
o Bt Bl I (I (6.4)
At (U M+ T ) p

for the conservative equation of the form (6.2).
Theorem 6.4. Let w;’s be positive. Let U;n) be a numerical solution of the scheme (6.3) under the
boundary condition that satisfies the assumption of Lemma 6.3. Then

1

~ (H(n+1) _ H(”)) <0.
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Theorem 6.5. Let U;n) be a numerical solution of the scheme (6.4) under the boundary condition that
satisfies the assumption of Lemma 6.3. Then

1

= (H<”+1> _ H(n)) —0.

7 Concluding Remarks

We have extended the discrete variational method to nonuniform meshes. Although we have considered
the one and the two dimensional cases for simplicity, we can also derive the conservative/dissipative
schemes in three dimensional cases by transforming the differential operators to

O _ 1 ((0y0z 0Oy0dz\ 0  (Oydz Oydz\ 9  (Oydz 0Oydz\ 9
dx —J ((an a¢ ¢ 3?7) o€ (ac ot 0¢ ac) an <8£ an  on a&) ac)

and so on. In particular in the two dimensional case, it is remarkable that our method is capable of
deriving conservative/dissipative, and therefore stable, schemes on various domains such as the annular
domain. In fact our scheme for the Cahn—Hilliard equation is far more stable than the naive scheme.

Our extension is based on the mapping method. In order to employ this method, we have shown that
the fact that “the conservation/dissipation properties are obtained from the variational structure” is
retained after the change of coordinates. If we can get the similar result in the space-time, it brings in
a possibility of the extension to moving meshes; this is included in the future works.
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