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Abstract: The conservative Allen—Cahn type Ohta—Kawasaki model was introduced to reformulate
the Cahn—Hilliard type Ohta—Kawasaki model. A difficulty in numerically solving the conservative
Allen—Cahn type Ohta—Kawasaki model is how to discretize the nonlinear and nonlocal terms in
time to preserve the mass conservation and energy decay properties without losing the efficiency and
accuracy. To settle this problem, we present a linear, second-order, mass conservative, and energy
stable scheme based on the Crank—Nicolson formula. In the scheme, the nonlinear and nonlocal terms
are explicitly treated, which make the scheme linear, and the energy stability is guaranteed by adopting
a truncated double-well potential and by adding two second-order stabilization terms. We analytically
and numerically show that the scheme is mass conservative and energy stable. Additionally, the scheme
can be easily implemented within a few lines of MATLAB code.
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1. Introduction

The Ohta—Kawasaki (OK) model was introduced to describe phase separation in diblock
copolymers [1], and has been applied to various systems, including condensed matter and biological
systems [2,3]. The OK equation,

op _ _ 08 _ _ 2 2
Frie MAu, u:= 56 = f(¢) — € Ad + ae Y, (1.1)

is the H™!-gradient flow of the following energy functional [1,4]:

2 2
E(@) = f (F(¢)+%|V¢|2+%WP dx, (1.2)
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where ¢ is the order parameter, F(¢) = ;ﬁ(qﬁ2 — 1)? is the double-well potential, €, > 0 are constants,
M > 0 is a mobility, u is the chemical potential, % denotes the variational derivative, f(¢) = F'(¢),
and the boundary conditions for ¢ and u are considered periodic in all spatial directions. Additionally,
¥ 1s given by the following solution of the periodic boundary value problem:

Ay =¢-¢ inQ, fwdx:o
Q

where ¢ := i fQ ¢ dx.
Recently, the conservative Allen—Cahn type Ohta—Kawasaki (CAC-OK) equation was introduced
to reformulate the OK equation [5]:

o _
o M(,u |Q|ff(¢)dX) (1.3)

where ﬁ fQ f(¢) dx is the nonlocal Lagrange multiplier [6] (see also [7] and its references for

theoretical contributions and modeling issues for the conservative Allen—Cahn type model). The
CAC-OK equation has the following mass conservation and energy decay properties:

fd)d f—dx_—M(Lf(@dx—fgf((p)dx):

a& _ (083, [(_ Lo, ¢
dr f&pardx_fg( M ot IQlff(¢)d) dX

a¢ 1 6(;5 1 ((0g)’

Although the CAC-OK equation is of a lower-order than the OK equation, there is one problem:
how to discretize f(¢) and Ilﬁl fQ f(#) dx in time to preserve the mass conservation and energy
decay properties without losing the efficiency and accuracy. In [5], the scalar auxiliary variable,

and

u(t) = \/ fQ F(¢) dx + C, was introduced to redefine the energy functional and reformulate the CAC-

OK equation, where C is a constant such that fQF (¢) dx + C > 0. Moreover, the second-order
backward differentiation formula was used to discretize the reformulated system, and the second-order
stabilization term, S (¢""' — 2¢" + ¢"!), was added to improve the energy stability. The aim of this
paper is to present a linear, second-order, mass conservative, and energy stable scheme based on the
Crank—Nicolson formula for the CAC-OK equation. Here, we shall restrict our attention to F(¢) that
satisfies the following condition: there exists a constant L > 0 such that

max |f'(#)] < L. (1.4)
To satisfy (1.4), we adopt the following truncated double-well potential:

3p*-1 .2 3 3pt+l
S—¢"-2p0+"—, ¢>p

F(¢)=1{ (¢* - 1) ¢ € [-p, p]
Wl popig 4 g <,

AIMS Mathematics Volume 10, Issue 3, 6719-6731.



6721

where p > 0 is a constant [8]. In the scheme, f(¢) and ﬁ fg f(¢) dx are explicitly treated, which make
the scheme linear, and the energy stability is guaranteed by adding two second-order stabilization
terms. We prove that the scheme is mass conservative and energy stable. Moreover, the scheme can be
easily implemented within a few lines of MATLAB code.

The remainder of this paper is organized as follows: we design the numerical scheme and show
its mass conservation and energy stability analytically in Section 2 and numerically in Section 3;
conclusions are given in Section 4; and the MATLAB code for the numerical scheme is given in the
Appendix.

2. Mass conservative and energy stable scheme

We design the numerical scheme for the CAC-OK equation based on the Crank—Nicolson formula:

¢n+l_¢n _ *,n+% _ 2 n+% 2 n+£_if *’"+%
R M(f(¢ )= €N +ady - | frax

FAAIS, ! + BG4 — (w)), @.1)
t//n+1 — (_A)—1(¢n+l _ @n+1)’

1 n_ pn—1 1 n+l 4 gn 1 n+l on e .
where ¢*"*2 = 3¢+, gty = T gy = B 5 gmtt = ¢l — ¢, A, B > 0 are stabilization
parameters, and ¢~ = ¢°.

Theorem 1. The scheme (2.1) is mass conserving.

Proof. Suppose that the scheme (2.1) has a solution. From Equation (2.1), we have the following:

L (09.1) = M (At (5,97,1) + B (5,9 - 5,07, 1)),

where (-, -) denotes the L>-inner product on Q. This gives the following relation:
L An+B (6:6"".1) = B(6:¢". 1)
MAf t ’ t s .

With ¢! = ¢°, i.e., (dtqbo, 1) = 0, the relation ensures that

(64"".1)=0, e, (¢"'.1)=(g"1)
foralln > 0. O

Theorem 2. The scheme (2.1) with A > A{—éz and B > % satisfies the following discrete energy decay

law:
&l < &n
where
&= &) + (123 i %) 16,61 2.2)
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Proof. By simple calculations, we have

n+ n+3 n+d € n+ n ae’ n+ n
(6™, €A + ey 2) = = (IV"™ 1P = IV6"IP) + — (IV0"*'IP = I9w'IF). - (2.3)
n+1 1+ 5 1 f »<n+2 n+l _
(cw o f 1@ )dx) o | f@ T ax(6471) =0, (2.4)

and
(5t¢n+l,AAt5[¢n+l + B(51¢H+1 _ 5[¢n))

B
= A6 1P + = (16,6 1F — 166" + l6,6™" =~ 6,6"IF). 2.5)
To handle f (¢*’”+%), we expand F(¢™*') and F(¢") at gb*””% as follows:

1 1 1 1 1
F(¢n+1) — F(¢*,n+i) +f(¢*,n+§)(¢n+l _ ¢*,n+§) + Ef/(§n+l)(¢n+l _ ¢*,n+§)2’

1 1 1 1 1
F(¢n) F(¢*,n+§) + f(¢*,n+§)(¢n _ ¢*,n+§) + Ef/(é_41)(¢n _ ¢*,n+§)2,

where £"*! is a function that is pointwise bounded between ¢"*! and ¢*’"+%, and &" is a function that is
pointwise bounded between ¢" and ¢*’"+%. Then, we obtain the following:

(0:™", £(g )
1 | 1 ol
= (F@™) = F@).1) = 5 (£ @@ =) + 2 (£€).(¢" = "))
1 1
= (F@"™) = F@).2) = 5 (£ €.04™ 0™ = 6:0") = 2 (€D - F' €. 6.4"))
n+ n L n+ n+ L n
> (F@™") - F@").1) = 5 (6™, = 5:¢") = 715"
L L
> (F@™") = F@").1) = 7 (I6.6™!IF + 116" ~ 5"IF) = 715", (2.6)
where we used maxyer | f'(¢)| < L. Using (2.3)—(2.6), we have the following:

- ~ 1 B L
& &< (m +AAL— —) 16,6711 - (5 - Z) 16,671 — 6,61

The right-hand side of the above inequality is less than or equal to zero under A > Y& L and B > L 5, and

it follows that &! < &". O

Remark 1. The scheme (2.1) is one of the multi-step schemes and its energy stability relies on (1.4).
Multi-stage schemes, such as Runge—Kutta, without (1.4) that are applicable to the CAC-OK equation
can be found in Refs. [9-11].
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3. Numerical experiments
3.1. Numerical implementation
The scheme (2.1) can be rewritten as follows:

1 2 2
(— + M(—E—A + A+ AAr+ B)) s

At 27 2
_¢n *n+1 _6_2 n a_ez_ ~loqn _ ~70 _i *n+4
= - Mg - Sae s a2 - o [ e ax

_AAIG" + B(=2¢" + ¢"—1)).

For this equation with the periodic boundary condition, we can use the Fourier spectral method [12-
16] to achieve efficient computations. Numerical experiments are implemented in MATLAB, and the
MATLAB functions fft2, i fft2, fftn, and i fftn of cost O(N?log N¥) are used for the Fourier and
inverse Fourier transforms, where N is the number of subintervals in one spatial dimension and d is the
number of spatial dimensions.

Table 1 provides the grid size for each numerical experiment.

Table 1. Grid size for each numerical experiment.

Section 32 3.3 34

Grid size A)C:Ay:IZT”8 Ax:Ay:ZZS—”6 AX:Ay=AZ=6—14

Unless otherwise stated, we set p = 1, L =3p?> = 1,A = "f—éz, and B = %

3.2. Efficiency, accuracy, mass conservation, and energy stability tests

First, we check the efficiency and accuracy of the proposed scheme with an initial condition as
follows:

BN Va—x)2+ G-y -n) 3 )
#(x,y,0) = —Z;tanh o +7  onQ=[0.27,

where (x1,y1,71) = (m — 0.8, 7, 1.4) and (x3,y5,72) = (7 + 1.7,7,0.5). We consider the low (M = 1,
a = 0.01) and high (M = 100, @ = 100) stiffness cases, set € = 0.06, and evolve ¢(x, y, t) for0 < t < 10.

The CPU times (performed on Intel Core 15-7500 CPU at 3.40GHz with 8GB RAM) consumed
using the scheme with Ar = 2—;, 2—;, ..., ~ are shown in Figure 1 (a). Additionally, the relative /,-
errors of ¢(x,y, 10) are shown in Figure 1 (b), where the error is calculated by comparing with the
reference solution using Az = 2_—Mm It is observed that the CPU time is almost linear with respect to the

number of steps, and the convergence order of the scheme is 2.
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Figure 1. (a) CPU times and (b) relative /,-errors of ¢(x, y, 10).

To see the computational cost with respect to the spatial resolution of the scheme, we fix the time

step to At

2—4

M

and vary N = 128,192,256,384,512, and 768. Figure 2 shows the CPU times

(performed on Intel Core 15-14400 CPU at 2.50GHz with 8GB RAM) consumed using the scheme.
The results indicate that the computational cost is roughly O(N? log N?).

spatial resolution N
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Figure 2. CPU times versus spatial resolutions.

To explore the influence of the stabilization terms on the accuracy of the scheme, we take various A
and B values for the low stiffness case. Figure 3 shows the relative l,-errors of ¢(x, y, 10) with different
A and B values. The results indicate the following: (i) the convergence order of the scheme is still 2

AIMS Mathematics Volume 10, Issue 3, 6719-6731.



6725

regardless of A and B; and (i1) the convergence constant is affected by A and B.
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Figure 3. Relative /,-errors of ¢(x, y, 10) with different A and B for the low stiffness case.

Next, we verify the mass conservation and energy stability of the scheme with larger time steps.
Figures 4 (a) and (b) show the evolution of [ (¢(x,y,1) — ¢(x,y,0)) dxdy and & defined in (2.2) with
At =273,272, .., 23 respectively. As proved by Theorems 1 and 2, the masses are conserving and the

energies do not increase in time.
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Figure 4. Evolution of (a) [ (¢(x,y, ) — ¢(x,y,0)) dxdy and (b) &.
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3.3. Effect of average concentration and total chain length

To investigate the effect of the average concentration and total chain length, we use an initial
condition as follows:

#(x,y,0) = ¢ + rand(x, y) on Q = [0, 271)?,

where rand(x,y) is a random number between —0.001 and 0.001 at the grid points. We set M = 1,
€ = 0.02, and Ar = ¢, and evolve ¢(x, y, 1) for 0 < 1 < 256.

With @ = 300000, Figure 5 shows the evolution of ¢(x,y,?) for ¢ = 0, 0.1, 0.2, and 0.3. When
¢ = 0, the final solution forms the stripe pattern. We see the coexistence of short discontinuous stripe
and hexagonal spot patterns when ¢ = 0.1 and 0.2. When ¢ = 0.3, the hexagonal spot pattern is
dominant. These results are consistent with those in [17].

\.'2 ‘

NS
N\t

S
R
SO0
R
S
L

' -
LRSI,

Figure 5. Evolution of ¢(x, y, ) for ¢ = 0, 0.1, 0.2, and 0.3 (from top to bottom). Times are
t =16, 32, 128, and 256 (from left to right).

Next, Figure 6 shows ¢(x, y,256) with ¢ = 0 and 0.3 for @ = 30, 3000, and 300000. As @, which is
related to the total chain length of the copolymer, is decreased, the dynamics of the CAC model play a
dominant role. These results are consistent with those in [18].
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left to right).

3.4. 3D simulation

To observe phase separation in 3D, we use an initial condition as follows:

&(x,v,2,0) = ¢ + rand(x,y, 2) on Q =[0,1]%,

where rand(x,y, z) is a random number between —0.001 and 0.001 at the grid points. We set M = 1,
e = 0.02, « = 300000, and Ar = %, and evolve ¢(x,y,z,t) for 0 < t < 384. Figure 7 (a) shows
the evolution of an isosurface of ¢(x,y,z,t) = 0 for ¢ = 0, 0.26, and 0.4. The final solution forms a
gyroidal shape for ¢ = 0, mixed gyroidal and spherical shapes for ¢ = 0.26, and a pure spherical shape
for ¢ = 0.4. Figure 7 (b) shows the evolution of & for ¢ = 0, 0.26, and 0.4, which demonstrates that
the proposed scheme is energy stable.

AIMS Mathematics Volume 10, Issue 3, 6719-6731.
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Figure 7. Evolution of (a) an isosurface of ¢(x,y,z,¢) = 0 and (b) .

4. Conclusions

We presented the linear, second-order, mass conservative, and energy stable scheme based on the
Crank—Nicolson formula. In the scheme, f(¢) and |_£11| fg f(¢)dx were explicitly treated, which made the
scheme linear, and the energy stability was guaranteed by adopting the truncated double-well potential
that satisfies (1.4) and by adding AAt5,¢""! and B(5,¢"! — 6,¢"). We proved that the scheme is mass
conservative and energy stable under A > Ml—éz and B > % The numerical results were consistent with

the experimental results in [17] and confirmed the superior performance of the proposed scheme for
phase separation of diblock copolymers.

AIMS Mathematics Volume 10, Issue 3, 6719-6731.



6729

Appendix

The MATLAB code for the numerical scheme in 2D is provided below.

M=1; p=1; L=3xp~2-1; A=M«xL"2/16; B=L/2;

x1=0; xr=2xpi; yl=0; yr=2«pi; alpha=0.01; epsilon=0.06; T=10;
nx=128; ny=128; nt=10; dx=(xr-x1)/nx; dy=(yr-yl)/ny; dt=T/nt;

x=xl:dx:xr-dx; y=yl:dy:yr-dy; [X,Y]=ndgrid(x,y);
xix=1i*2xpixfftshift(-nx/2:nx/2-1)/(xr-x1);
xiy=lis2«pixfftshift(-ny/2:ny/2-1)/(yr-yl); [xiX,xiY]=ndgrid(xix,hxiy);
xi-lap=xiX."2+xiY."2; xi-ilap=(-xi-lap)."-1; xi-ilap(1,1)=0;

[ I R Y R N T S

S o

ophi=-1/4x(tanh ((sqrt ((X-pi+0.8)."°2+(Y-pi)."2)-1.4)/(1.5«epsilon)) ...
+tanh ((sqrt ((X-pi-1.7)."2+(Y-pi)."2)-0.5)/(1.5«epsilon)))+3/4;
oophi=ophi; tmp=-epsilon”2/2x xi_lap+alphaxepsilon”2/2x xi_-ilap;

oL -

for it=1:nt
hat=(3xophi-oophi)/2;
rhs=ophi/dt -Mx(f(hat ,p)+real (ifft2 (fft2 (ophi).*tmp)) ...
-mean(f(hat,p), 'all'")-Axdtxophi+Bx(-2xophi+oophi));
nphi=real (ifft2 (fft2 (rhs)./(1/dtM=(tmp+Axdt+B))));
oophi=ophi; ophi=nphi;
end

RO R R o e e
W = O 0 003 W

function val=f(phi,p)

indl=phi>p; ind2=phi<-p;

val=((3%p~"2-1)xphi-2%p~3).xindl +(phi." 3 -phi).*(1-ind1).x(1-ind2)+((3%p"2-1)*phi+2%p~"3).xind2;
end
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