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Abstract. We analyze the effective time step size of a nonlinear convex splitting scheme
for the Cahn-Hilliard (CH) equation. The convex splitting scheme is unconditionally
stable, which implies we can use arbitrary large time-steps and get stable numerical
solutions. However, if we use a too large time-step, then we have not only discretiza-
tion error but also time-step rescaling problem. In this paper, we show the time-step
rescaling problem from the convex splitting scheme by comparing with a fully implicit
scheme for the CH equation. We perform various test problems. The computation re-
sults confirm the time-step rescaling problem and suggest that we need to use small
enough time-step sizes for the accurate computational results.
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1 Introduction

We consider the effective time step size of a nonlinear convex splitting scheme for the
following Cahn-Hilliard (CH) equation [1]:

o (x,t) =A[F' (p(x,1)) —e*Adp(x,t)], x€Q, t>0, (1.1)
n-Vo(x,t)=n-Vu(x,t)=0, x€9Q, (1.2)
$(x,0)=¢o(x), x€Q, t>0, (1.3)

where F(¢)=0.25(¢>—1)?, € is the gradient energy coefficient, Q) = ]_[fl:1 (0,L;),d=1,2,3,
and n is the outer normal vector. The CH equation is a phenomenological model of
the process of a phase separation in a binary mixture [1]. Its physical applications have
been extended to many scientific fields such as image inpainting, spinodal tumor growth
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simulation, decomposition, topology optimization, diblock copolymer, microstructures
with elastic inhomogeneity, and multiphase fluid flows, see a recent review paper [15]
for the relevant references. The CH equation can be derived by a gradient flow with the
following total energy functional:

_ e’ 2
e@)= [ (F@)+ 5199 )ax a4
That is,
(pt:—gradc‘:((p):—A(%), (1.5)

where 6€(¢)/6¢p=F'(¢) —€e>A¢ is the variational derivative. For a review of the physical,
mathematical, and numerical derivations of the CH equation, see a review paper [16].
Also, for the basic principles and practical applications of the CH Equation, see [15].

Because there has been no closed-form solution for the CH equation with arbitrary ini-
tial conditions, we need to resort to numerical approximations to solve the equation. The
explicit Euler scheme has severe time-step restriction. Both the fully implicit and Crank—
Nicolson schemes have also solvability time-step restriction. To overcome these time-step
restrictions, Eyre proposed the following convex splitting method for the Cahn-Hilliard
equation [9]:

(PnJrl_(Pn__[ d& n+1y _ n
= |gradé (¢") —grad&.(9")], (1.6)

where grad€(¢) = grad&.(¢) —grad&,.(¢). For the nonlinear stabilized splitting scheme,
we define grad&.(¢) = —A[(¢""1)3 —€2A¢" 1] and grad&,.(¢") = —A¢". Let us rewrite
Eq. (1.6) in terms of the fully implicit Euler scheme:

¢n+1 _4;?1
= —grad&.(¢" ) +grad&,(¢" ) —grad&,(¢" ) +grad€, (¢")
= —grad&(¢" ) —grad&,(¢" 1) +grad&, (¢")
=—grad€(¢"")+A(¢" " —¢"). (17)
Then, the scheme (1.6) can be written as follows:
n+1__ gn
(1—AtA) <%> — _grad€(¢™H). (1.8)

The main purpose of this article is to investigate a mode-dependent effective time-step
of a nonlinear convex splitting scheme for the CH equation using the fully implicit Eu-
ler algorithm. The convex splitting method is the most popular numerical schemes in
the phase-field method to overcome the time-step restriction [6,20]. Furthermore, in re-
cent years, the convex splitting numerical schemes have been extensively studied for
the Cahn-Hilliard model coupled with a certain fluid such as the Cahn-Hilliard-Hele—
Shaw [23], Cahn-Hilliard—-Brinkman [7], Cahn-Hilliard—Navier-Stokes [8,11] equations.
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The difference between the effective and real time-steps have been reported when
using the convex splitting method in the last decade [17,22]. To overcome this weakness,
there have been extensive works of second order accurate convex splitting method for
the CH equation [2,10,12,18,20,25] and a mode-dependent effective time step form was
derived for the linear convex splitting scheme [3,4]; however, there is no analysis about
the nonlinear convex splitting one in authors” knowledge.

This paper is organized as follows. In Section 2, we provide numerical analysis for
the effective time step of a nonlinear convex splitting scheme for the CH equation. In
Section 3, we perform computational experiments to confirm the numerical analysis. In
Section 4, conclusions are given.

2 Numerical analysis

2.1 One-dimensional space

Now, we consider the spatial discretization. Let us denote the computational domain
Qp={x;:x;=(i—0.5)h} where h=L/ N is the spatial step size and N is the number of grid
points. The approximation of ¢" on (), is ¢! = ¢((i—0.5)h,nAt). For the homogenous
Neumann boundary condition, we define:

P =P, Ph1 = PN 2.1)

The discrete Laplace operator A, is defined by

I, Y s
Ay _ i Z); i (2.2)

Then, we can derive the formulation of the eigenvector and its corresponding eigenvalue
for Ay [14], i.e., Ayvj=A,v;, where v; = (Ul]',- o ,UN]') forj=1,---,N, and

= if j=1,
vij: N i 1) (i1 (2.3)
\/% Cos w otherwise,
4 . 2(]'—1)”‘

A=

=72 sin’ N (2.4)

Let w; :v]-/a]- = (wlj,- . ,wN]-) where a1 =+/1/n and aj= v/2/n for j>1. For convenience,
we define

Wy, =CO8 _(]2;\]1)7T =cos ( ;;])71 =w,j, (2.5)
2N+1)(j—-1)m ~ cos 2N-1)(j—-1)m

2N 2N

wN+1,j =CO0s :ZUN,]‘. (26)
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Note that the discrete Fourier cosine series and its inverse transform are [19]

n N an (21._1)(]._1)7-( N an

¢; :];47]‘ oS :j; Wi, (2.7)

g 1Y, @-D(-Dr 1Y

i = Lyt cos S = Y
1= 1=

where (/3]’1 is the Fourier coefficient. Then, fori=1,---,N,

Ol =207 +r N wi 2w w1
h2 - Z;('b] 2
]:

N N
1 Wit1,j—2Wij+Wi—1,j
— (NZM{’wk]-) an hzl] = (2.9)

Here,

k=D (=1r___ Q>i+1)=1)(-Dx

WjWi41,j = COS N 0s ON
_@k-)(-Da [ (21— 2(j—1)mx
= COS N COSs N COs N
o @i(-Dr_ 2(-Dn
sin N s ON
_ @k-D(-Dr 2(G-Dr (2i-1)(j-n
=COS N cos N COoS ON
k=)D 2D (-Dr . 2(-Dr
cos N sin N S5
I @) -D(-Dr REk=D-1)(-Dnx]
=3 {COS IN Heos 2N i
T @i+D(-Dn 2@i-1)-1)(-1m
+ Ewk] {cos N —Cos 5N
1 1
= 5 wk+1,j+wk,1,j) wij+ Ewkj (wij—wi_llj) (2.10)
and similarly
1 1
wkjwifl,j = E (wk+1,j+wk—1,j) wi]‘ — Ewk]- (wij —wl‘fl,]‘) . (2.11)
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Note that it also holds for i=1 and N using the boundary conditions (2.1), (2.5), and (2.6).
Therefore, (2.9) can be rewritten as

N 1 N W ‘—2ZU”—|—ZU'_ . N
B Lot ) e z(ﬁzwhwm)wq

=1 k=1

( Z% wk;) wij

- m”qz

Aipfws. (2.12)

\
Il
—

Then,
n+1 N n+1
(1—AtAy) ( —¢i ) Z —AtA)) (%) Wj. (2.13)

Moreover, the scheme (1.8) can be rewritten as follows:

i(l AtA;) (W) Wij=— %]——(gradé’ ((/)”“))wij, (2.14)

j=1 j=1

where F(-) represents the fourier coefficient. Hence, the mode-dependent effective time
step At is
At

Ate=———),
C T 1-AjAt

(2.15)

for each basis w; in the Fourier space.

2.2 Two-dimensional space

The analysis of a mode-dependent effective time step based on the eigenfunction decom-
position and eigenvalue estimation can be extended to the two- and three-dimensional
spaces. Here, we present the analysis only for the two-dimensional space since it is sim-
ilar enough to extend to the three-dimensional space straightforwardly. First, similar
to the one-dimensional space, we define the computational domain (), = {xl,y] X =
(i—0.5)h, y;=(j—0.5)h} where h=L1/Ny=Ly/Ny is the uniform spatial step size, Ny
and N, are the number of grid points in x- and y—dlrectlons, respectively, and the approx-
imation of ¢" on Q) is ¢} = $((i—0.5)h,(j—0.5)h,nAt). For the homogenous Neumann
boundary condition, we define:

Pilo=¢in,  Pin1=@in, for i=1-- Ny, (2.16)
¢, =P Pn1,=¢N,; for j=1-Ny. (2.17)
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The discrete Laplace operator Ay, for the two-dimensional space is defined by

4’”-5—1,'""4’{1,'_44’?‘1”47?4-1+‘P7‘—1
Applp=———— hz” « e (2.18)

Note that the eigenvector and its corresponding eigenvalue for (2.18) can be derived us-
ing the Kronecker (tensor) product (Refer to [13]). If we denote the element of tensor
product v;®v; as vjxgji, the formulation of the eigenvector and the eigenvalues are

( leNy ifk=1and =1,
‘ /NfNy cos (Ziflz)lgi*l)" ifk>1and =1,
Vikejl = VikVj1 = 1) (1 215
ikeojl = Yik®j /NfNyCOS(ZJ 12)N(ly 0L ifk=1and!>1,
k Nx4Ny oS (21'*12) 1511:1)” oS (21‘*12)1%*1)” otherwise,
4 . 2(k—1)7l' . 2(1_1)7T
A=A +A =— iz [sm N, +sin oN, . (2.20)
Recall that the discrete Fourier cosine series and its inverse transform are
Nx Ny R R 1 Nx Ny
¢hi=Y_ ) Plawisi, = NN, L) Pliwiksji 21)
k=11=1 Y i=1j=1
Since
Pl TP~ AP TP Pl 205 i 205
12 - h2 * h2 - @2

we can apply Egs. (2.9), (2.10), and (2.11) into each terms. Then, for i =1,---,N, and
j=1,--,N,,

N, Ny 1 Ny Ny

Wiy —2Wi+w;_
n__ n i+1,k ik i-Lk_
Mii=3.) N.N 2 Y Ppqpito 2 Wil

Ny Ny 1 Ny Ny w: _2 . _|_ .
n j+11 w]l w]—l,l
+3 0| o o kg | Wik 2
: NN, == 7

=1/=1
N, - N
B N, Ny 1 N Ny 0 Wpt1h—2Wpr+Wp 1k o
Ny Ny 1 Ny Ny w -2
' " g+1] —2We+ W1\
+ZZ N.N. Z Z¢pquk h2 WikWii
k=11=1 X2V p=1g=1

Nx Ny 1 Nx Ny Nx Ny R
=)) (W ) Z¢Zthwpk®ql> wikwi =YY Aufwiksi- (2.23)
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Similar to Egs. (2.13) and (2.14), we can calculate the mode-dependent effective time step
At, in a two-dimensional space as follows:
At
Ate=—"—, 2.24
C T 1-ApAt (2:24)
for each basis w; @ wy in the Fourier space.
In this paper, we study a mode-dependent effective time step of a nonlinear convex
splitting scheme (2.25) for the CH equation using the fully implicit Euler algorithm (2.26):
fori=1,---,Nyand j=1,---,Ny

n+1__

BP0 g g e, 225)
11+1 n

% [((PnJrl) (PnJrl ZA (PnJrl]' (2.26)

3 Computational results

3.1 One-dimensional cases

If we choose € =€, = mh/[2+/2tanh ' (0.9)], then we have approximately n/ transition
layer across interface [5]. Unless otherwise specified, we use N=128, h=1/N, and e=¢.
For the numerical solution algorithm we use a nonlinear multigrid method [21,24].

Fig. 1 plots eigenvalues A; = — h2 sin? U ;i,) T for j=1,---,N. The values are monotoni-
cally decreasing.

Fig. 2 shows the effective time step At,=At/(1 —)\‘At) for three different time steps
At=2h%, 0.2h?, 0.02h%, where A; = — 7 sin® (] 1) for j=1,---,N. The result indicates that
the effect time step varies with large scale as the time step size increases.

x 10

20 40 60 80 100 ;120

J

Figure 1: Plot of eigenvalues A; :—%sm2 (]2 L fori=1,---,N.
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Figure 2: The effective time step Ate:At/(l—A]-At) for three different At =2h2, 0.2h%, 0.02h2, where Aj=
—%sm 2 (- 1) fori=1,---,N.

0.8} '+ Initial condition 0.8} v Initial condition
¢> —s— Fully implicit ¢> —s— Fully implicit
0.6 —o— Convex splitting 0.6} —o— Convex splitting

. i i i i i i i i o
0.2p e e bl gl B R B R !
oy :' i @&’ 2 ., i 2R 2R
0 b, ‘o R d, P Grg 1P & ¢ N RN “ EofoRey "’
® "" b Be B % u“ ¢ ® "’ L» u“ “‘ 4 b ] 3
A ?. i %] 'af ® 9'»""
—0.2} ' -0.2
-0.4¢ Y -0.4
0 0.2 04 0.6 0.8 x 1 0 0.2 0.4 0.6 08 g 1
(a) (b)

Figure 3: Initial condition is ¢(x,0) =0.01cos(247tx) on Q3= (0,1). Results after 20 time step iterations: (a)

At=2I?* for both the schemes. (b) At=2h? for the convex scheme and At, = At/(1—AysAt) for the fully
implicit scheme.

Let us consider an initial condition: ¢(x,0) =0.01cos(247x) on QA= (0,1), which im-
plies j =25 is used. Fig. 3 shows the results after 20 time step iterations: (a) At =2h? is
used for both the schemes. We can observe time delay for the nonlinear convex splitting
scheme compared to the fully implicit Euler scheme. (b) At=2h? is used for the convex
scheme and At, = At/ (1—A5At) is used for the fully implicit scheme. The results from
the two different schemes are almost identical.

Next, we consider a high-frequency mode, i.e., a damping mode: ¢(x,0)=0.3cos(34mx).
Fig. 3(a) shows the results after 5 time step iterations with At =2h? for both the schemes.
Similar to the previous test, we can observe time delay for the nonlinear convex splitting
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Figure 4: Initial condition is ¢(x,0) =0.3cos(347tx) on Q= (0,1). Results after 5 time step iterations: (a)
At =2h? for both the schemes. (b) At=2h? for the convex scheme and At, = At/(1—Azs5At) for the fully
implicit scheme.

““““ Initial condition wonitial condition
1L —+— Fully implic?t_ 1L —+— Fully implic?t_
¢ —e— Convex splitting ¢ —e— Convex splitting

0.5

o

D : 2
g 2 i
& O .|“ , ) b 1
b 1 X
| P &
A ISOREE ) L
/e OO SN

I
Qo
i

Y y &
b oF X L ©
o9 (? l‘i’ i .i i ¥
.

0.6 08 I 1

0 0.2 0.4

016 0:8 €T 1
(a) (b)

Figure 5: Initial condition is ¢(x,0) =0.03cos(347tx)+0.02cos(247tx)+0.1cos(67tx). (a) Snapshot at T=25At,
where At=2h?. (b) Snapshot at T =2500At, where At=0.02h2.

scheme. Fig. 3(b) shows a good agreement between the two results with At =2h? for the
convex scheme and At, = At/ (1—A3zs5At) for the fully implicit scheme.

Fig. 5 shows snapshots of the profiles using two schemes and two time steps. The
initial condition is ¢(x,0)=0.03cos (3471x)+0.02cos (247tx)+0.1cos(67tx). If we use a large
time step (At =2h?), then due to the time step re-scaling there is delay of the temporal
evolution for the nonlinear splitting scheme compared to the fully implicit scheme (see

Fig. 5(a)). However, if we use a small enough time step (At=0.02/?), then we can observe
the agreement between two results as shown in Fig. 5(b).
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3.2 Two-dimensional space

Fig. 6 plots eigenvalues Ay = Ay +A; = —;—2 sinz%—ksinz%} for k=1,---,N, and

Y
[=1,---,Ny.
Figs.7(a), (b), and (c) show the effective time step At,=At/(1—Ay At) for three differ-

ent At="h?, 0.2h?, 0.02h2, respectively, where Ay = Ap+A; = — f—z [sin’ % +sin? %]
fork=1,---,Nyand [=1,---,N,. The result indicates that the effect time step varies with
large scale as the time step size increases.

Let us consider an initial condition: ¢(x,y,0)=0.01cos(207tx)cos(207ty) on Q=(0,1) x
(0,1), which implies k=1=21 is used. Figs. 8(a), (b), and (c) show the initial condition,
results after 200 time step iterations with At =h? for the implicit and the convex splitting
schemes, respectively. Fig. 8(d) is the difference between the results from the convex
scheme with At =h? and the fully implicit scheme with At, = At/(1—Ay121At), which
implies that the results from the two different schemes with the two different time step
sizes are almost identical. We can observe time delay for the nonlinear convex splitting
scheme compared to the fully implicit Euler scheme.

Figure 7: (a), (b), and (c) are the effective time step At, = At/(1—AyAt) for three different At =
W2, 0.1h2, 0.01h%, respectively, where Ay = Ap+A; = —,f—z[sin2 “{ﬁj"—&—sinz (12_1\1(3"] for k=1,---,N, and
I=1,--,Ny.

7 72Ny
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Figure 8: (a) is the initial condition, ¢(x,1,0) =0.01cos(207tx)cos(207ty) on 1=(0,1) % (0,1). (b) and (c) are
results after 200 time step iterations with At=h?2 for the implicit and the convex splitting schemes, respectively.

(d) is the difference between the results from the convex scheme with At=h? and the fully implicit scheme with
Ate=At/(1— Ay mAt).

Next, let us consider an initial condition: ¢(x,y,0) = 0.3cos(307rx)cos(307ty) on Q=
(0,1) x (0,1), which implies k=1=31 is used. Figs. 9(a), (b), and (c) show the initial con-
dition, results after 200 time step iterations with At=h? for the implicit and the convex
splitting schemes, respectively. Fig. 9(d) is the difference between the results from the
convex scheme with At =h? and the fully implicit scheme with At, = At/ (1— A1 21 At),
which demonstrates that the results from the two different methods with the two dif-
ferent time step sizes are almost identical. We can observe time delay for the nonlinear
convex splitting method compared to the fully implicit Euler method.

4 Conclusion

We investigated the effective time step size of a nonlinear convex splitting scheme for the
CH equation by comparing with the fully implicit Euler method. Although the nonlinear
convex splitting scheme is unconditionally stable, we need to use a small enough time
step to get an accurate numerical solution. As future research, it would be practical to
extend current study to the three-dimensional CH equation.
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Figure 9: (a) is the initial condition, ¢(x,y,0) =0.3cos(307tx)cos(307ty) on Q1= (0,1) x (0,1). (b) and (c) are
results after 200 time step iterations with At=Fh? for the implicit and the convex splitting schemes, respectively.

(d) is the difference between the results from the convex scheme with At=h? and the fully implicit scheme with
Ate=At/(1—Az1 31AL).
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