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ABSTRACT. In this paper, we propose some second-order stabilized semi-implicit
methods for solving the Allen-Cahn-Ohta-Kawasaki and the Allen-Cahn-Ohta-
Nakazawa equations. In the numerical methods, some nonlocal linear stabiliz-
ing terms are introduced and treated implicitly with other linear terms, while
other nonlinear and nonlocal terms are treated explicitly. We consider two
different forms of such stabilizers and compare the difference regarding the
energy stability. The spatial discretization is performed by the Fourier collo-
cation method with FFT-based fast implementations. Numerically, we verify
the second order temporal convergence rate of the proposed schemes. In both
binary and ternary systems, the coarsening dynamics is visualized as bubble
assemblies in hexagonal or square patterns.

1. Introduction. Block copolymers are macromolecules made of two or more sub-
chains of monomers. In their thermodynamic equilibria, block copolymers form
various equilibrium morphologies. These ordered structures have been studied ex-
perimentally and theoretically over the past decades [24, 18, 21, 26, 1, 2]. Diblock
copolymers consist of two subchains made by species A and B, respectively, while
triblock copolymers have three subchains made by species A, B, and C, respectively.

In this paper, we consider a general block copolymer system of N + 1 species
{Ai}f\g{l with long-range interactions. Using phase field labelings {¢;}}¥; to label
the volume fraction of the species {4;}Y, and assuming the incompressibility of
the species, we can trace the species Axy1 by ¢n41 =1— ZZ\; ¢;. Such a system
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can be described by the free energy functional:

EN[¢17"' a(bN]
¢ N 1 N N
:/ 52 Véi-Vo+ - ZW(@HW(l—Z@)]dw
Q2 i,‘j<:‘1 2 i=1 i=1 (1)
¥ Z B0 [ o (00 =) (<0)7F (0y) — )] do.

Here 0 < € < 1 is an interface parameter, and Q C R% d = 2,3, is the spatial
periodic domain. The function W (¢) = 18(¢? — ¢)? is a double-well potential with
two local minima at 0 and 1. Taking the sum of W (-) for all species, we make a
potential function Wiy:

Wi (o1, ,0n) = lZW ¢i) + W (1 —Zéf)z)} ; (2)

which has N local minima at (1,0,---,0),(0,1,0,---,0),---,(0,---,0,1). The first
integral in (1) accounts for the interfacial free energy between different species which
is oscillation-inhibiting, therefore it favors large domains with minimal common area
between species. The parameter ;;, assuming to be symmetric 7;; = ;;, represents
the strength of the long-range repulsive interaction between the i- and j-th species.
The parameter w;, defined as

f(¢z) i=1,--- N

Wi =

|Q‘ Q

represents the volume constraint for each species ¢;. The second term in (1) is
oscillation-forcing and therefore favors micro-domains of smaller size.

In this paper, we will mainly focus on two simple cases for the system (1), the
binary system (N = 1) and the ternary system (N = 2). When N = 1, the system
(1) reduces to a binary system, which is the so-called Ohta-Kawasaki (OK) model
[26] for the di-block copolymer system:

0= [ [51ver 4 tw@)| o+ 3 [ ot o -wf @ @
with a volume constraint:
[ @ = wlgl. (@)
Q

In order to handle the volume constraint (4), we introduce a penalty term to change
(3) into an unconstrained free energy functional:

pro¥lg) = [ |§196P + 2wie)| ao+ ] [ [yt (70 - o

w3 ([ o wm)2

with M > 1 being the penalty constant for the volume constraint. Since we are in-
terested in the pattern formation at equilibrium for the OK system, the L? gradient
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flow dynamics for (5) is considered, leading us to the penalized Allen-Cahn-Ohta-
Kawasaki (pACOK) equation for the time evolution of ¢(x,t):

pOK
90 DM cng— L)~ 1(-2)(F(0) ~ ) ()

ot 00
M (/Q F(¢)da — wlﬂl) (9,

with a given initial condition ¢(z,t = 0) = ¢o(x), and periodic boundary condition
over ). The pACOK dynamics (6) satisfies the energy dissipative law
d
7 E N0l = —leillz: < 0.
When N = 2, the system (1) reduces to the Ohta-Nakazawa (ON) model [26] for
the tri-block copolymer system:

EN[61, 0]

= [ 5 (VP + 190l + Vs Vo) da+ [ ZWalon, )

+Z%J/

1,5=1

(6)

(7)

M\»—-

F(80) = wi) x (~8)73 (£(¢5) —w))| da,

with Wa = 2[W(¢1) + W(e2) + W(1 — ¢1 — ¢2)] as given in (2). The associated
volume constraints for ¢, and ¢ are:

Similarly as for the binary system, we introduce penalty terms to change (7) into
an unconstrained free energy functional:

EPON[61, o]

:/ € (IV¢1]* + [Va|?> + V1 - Vo) da +/ 1W2(¢17¢2)d:c
Q2 Q¢

+ Z Yig / *% f(di) — wi) x (7A)7%(f(¢j) 7%)} du (9)

zyl

+Z </f¢l dx_%m)

with two penalty constants M, My > 1. Then the L? gradient flow dynamics for
the penalized Allen-Cahn-Ohta-Nakazawa (pACON) equation (9) is:
0p; 1 0Ws

€
o - e(=A)gi — 5(_A)¢j -y

— it~ A) () — @il 1 (05) = i (=) [F(05) —wil F'(95)  (10)
,Mi (/Q f(¢1)d$w1|9|> f(d)z), for i’j: 1,2’

with given initial data ¢;(z,t = 0) = ¢, o(x) and periodic boundary condition over
Q. The pACON dynamics (10) satisfies the energy dissipative law

d

BN (81, 62] = ~|0vlEs — 97 < 0.
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The main purpose of this paper is to study some second order stabilized semi-
implicit schemes that inherit the energy dissipative law in the discrete level, which
are called energy stable schemes. There have been extensive studies on the energy
stable methods for various gradient flow dynamics such as the standard Allen-Cahn
and Cahn-Hilliard equations [27], phase field crystal model [34, 19], modified phase
field crystal model [31], and epitaxial thin film growth model [29, 6], etc. One
example is the convex splitting method [12] in which the double well potential
W (¢) is split into the sum of a convex function and a concave one, and the convex
part is treated implicitly and the concave one is treated explicitly. However, a
nonlinear system usually needs to be solved at each time step which induces high
computational cost. Another widely adapted method is the stabilized semi-implicit
method [36, 27] in which W (¢) is treated explicitly. A linear stabilizing term is
added to maintain the energy stability. Recently IEQ and SAV methods [39, 30]
have become popular in which all nonlinear terms are treated semi-implicitly, the
energy stability is preserved and the resulting numerical schemes lead to a symmetric
positive definite linear system to be solved at each time step.

Due to the nonlinear terms f(¢) and the nonlocal interactions, we will consider
a linear splitting method for the OK/ON energy functional and the resulting stabi-
lized linear semi-implicit scheme for the pACOK equation (6) and pACON equation
(10) such that all nonlocal and nonlinear terms are treated explicitly. By doing so,
we can solve the fully discrete system efficiently via Fourier spectral method. In
this paper, we will firstly present our linear scheme and show the energy stability
in semi-discretization level. Then we will discuss the energy stability for the full
discretization with spectral discretization in space. Note that recently there have
been several studies on the OK and ON models. For example, an implicit mid-
point spectral approximation is studied in [3] for the equilibrium of OK model. The
IEQ method is adapted in [8] to study the diblock copolymer model. Recently, the
SAV method is also applied to the OK and ON models [40, 7]. However, the exist-
ing works mainly focus on the Cahn-Hilliard dynamics, namely, the H~! gradient
flow dynamics of the OK/ON energy with f(¢) = ¢. Our work is advantageous
of studying the force balance in the process of phase separation and emphasizing
the force localization near the interface, and could have potential applications in
other complex dynamics involving interfacial structures such as cell motility [5] and
implicit solvation [41]. Besides, some other nonlocal extensions of the Allen-Cahn
and Cahn-Hilliard equations and the related numerical methods have been studied
[15, 16, 17, 22].

In this paper, we use artificial regularization terms to control the nonlocal terms
in order to stabilize the proposed numerical scheme. In fact, there have been exten-
sive works on the artificial regularization for the energy stable numerical schemes
for various gradient flows, such as artificial regularization for the no-slope-selection
epitaxial thin film model [25]. For the ternary gradient flow, there has been a recent
work [9] on the energy stable numerical schemes for ternary Cahn-Hilliard system,
in which both the energy stability analysis and optimal rate convergence estimate
have been established.

1.1. Notations. Some conventional notations adopted throughout the paper are
collected in this section. For the discussion of energy stability in the rest of the
paper, we revise the W(s) quadratically and f(s) linearly when |s| > M.y > 0 for
some M, in order to have finite upper bounds for W and f”. These modifications
are necessary for the stabilized semi-implicit schemes for Ginzburg-Landau type
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dynamics [27]. We will take the quadratic extension W (¢) of W () as adapted in
[27] and other related citations therein. For the linear extension of f(¢), we choose:

0, ¢ <0,
F(9) =< f(8) = 66° — 15¢* +10¢%, 0< ¢ <1, (11)
1, ¢ > 1.

Such a linear extension will guarantee that f (¢) is Lipschitz continuous with bounded
second derivative. We denote by Ly, Ly~ the upper bounds for |W”(s)\ and
\ f (s)|, respectively, and Ly the Lipschitz constant for f. For brevity, we will still
use f(¢), W(¢) to represent f(¢)7 W(d)), respectively

. Note that for the Allen-Cahn and Cahn-Hilliard dynamics without nonlocal
term, the quadratic extension for W (s) guarantees that the solutions always satisfy
the maximum principle [4]. Even though it is unnecessary to do the quadratic
extension for the solutions to satisfy the maximum principle for the Allen-Cahn
dynamics, it can avoid some technical difficulties in the analysis and approximation.
The main purpose of the linear extension of f(s) here is to easily perform the
stability analysis. Besides, if the initial ¢ takes some value beyond [0, 1], the
Allen-Cahn dynamics will quickly change the value of ¢(t) to stay within [0, 1] so
that the linear extension of f(s) will not affect the volume constraint (4) in practice.

While we consider the penalized models in need of extensions of W and f, some
recent works [11, 23] suggest maximum bound principle preserving schemes by which
the phase field function ¢ can be bounded between 0 and 1 such that the extensions
of W and f can be safely removed. A similar scheme is also considered in our earlier
work [38], but using the penalty formulation. Another formulation using Lagrange
multiplier approach [23] is also possible to handle the volume constraint, under the
condition that the formulation itself possesses a variational structure.

We adopt the following notations from [37]. Let Q = H?=1[*Xz‘aXi) CRid=
2,3 be a periodic domain. Denote the space consisting of periodic functions in
H®(Q),s >0 as H:_.(Q). We define the subspaces

per
Hpo (Q) == {u € Hpy (Q) /Qu(x)dx = O} (12)
consisting of all functions u € H, (§2) with zero mean. We use | - || g+ to represent

the standard Sobolev norm. When s = 0, H*(2) = L?(Q) and we take (-,-) as the
L? inner product and || - || gs = || - || 2.
We define the inverse Laplacian (—A)~1: L2 (Q) — H!,.(Q) as

per per
(~A) lg=u+= -Au=yg,
or in terms of Fourier series:
(=) lg= D K Pa(k)e" (13)
kez\{0}

where §(k) = [, g(x)e*¥dz with & = (7x1/X1, - ,mx4/Xq). Note that the
definition (13) can be extended to any function g € L2, (€) because of the removal
of the zero-th mode. In other words, for any g € L2 (), (—A)~1g can be defined

per
as
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We use [[(—A)7!|| to denote the optimal constant such that |(=A)7 f|lr~ <
C||fllze- Namely, ||(=A)7!|| is the norm of the operator (—A)~! from L>(T%)
to itself. Note that the constant C is bounded and depends on 2 which is a simple
consequence of the elliptic regularity. One can also see Lemma 3.2 for the discrete
counterpart. We will take [n] to be the set of integers {1,2,---,n}. Lastly, we
denote © = max{l + w,2 — w}.

The rest of the paper is organized as follows. In Section 2, we will develop
the second order semi-discrete energy stable schemes, perform the energy stability
analysis and conduct the corresponding error estimate analysis. In Section 3, we
will present the spectral discretization in space, and show the energy stability for
the fully-discrete scheme. In Section 4, we will give some numerical examples to
illustrate the force localization, energy stability and the effect of the long-range
repulsive force on the pattern formations.

2. Time-discrete energy stable schemes. In this section, we will propose some
second order semi-discrete energy stable schemes for the pACOK equation (6) and
pACON system (10), respectively. For each system, we will consider two stabilizers
for the semi-discrete energy stability.

2.1. Second order time-discrete energy stable schemes for PACOK. Given
a time interval [0, T'], we take the uniform time step size 7 = ﬁ, where N > 0 is an
integer. Let t, =n7t forn =0,1,--- N and ¢" = ¢(z,t,). We begin with energy
stable time discretization for the pACOK system (6). The method we adopt here
is a second order backward differentiation formula (BDF) scheme. For the energy

stability at discrete level, two different stabilizers are introduced [27, 13]:

¢t — 29" + 9", (14)
(@™ — "), (15)

We will show that while the former stabilizer (14) restricts 7 to be relatively small,
the latter one (15) leads to unconditional energy stability.

Incorporating the stabilizer (14), a time-discrete semi-implicit BDF scheme for
pACOK equation (6) reads: given initial data ¢~ = ¢ = ¢g(x), we find ¢! for
n=1,2,---, N, such that

3¢n+1 _ 4¢n + ¢n—1

27’
6A¢n+1 [ W/(¢n—1)] _ % (¢n+1 _ 2¢n + ¢n—1)
26" - 6 — o] (26 - (6 ) (16)
- vﬁ( ) ! (<z>"+1 2¢” ")

- | [ (26 = o) do =i 27 67) = 16"

where % (qﬁ”“ — 20" + qS”’l) is added to control the growth of W' and
vB(—=A)~1 ((b”“‘l — 20" + (;5”_1) is introduced to dominate the behavior of (—A)~!.
Here x > 0 and 8 > 0 are stabilization constants.



ENERGY STABLE SCHEMES FOR BUBBLE ASSEMBLIES 7

If choosing the stabilizer (15), the semi-implicit BDF scheme for (6) becomes
3¢n+1 _ 4¢n + ¢n—1

2T
— €A¢n+1 _ % [2W/(¢n) _ W/((bnfl)] _ ST (¢n+1 _ ¢n)
= (=A)TH[2(0") = £ —w] (2F(8") — £(6"7) (17)

—Br(-)7 (" - ¢7)
- | [ (s = g e el ) - s ).

The unique solvability of the schemes (16) and (17) is straightforward. For instance,
for the scheme (17), it can be rewritten as:

(237 + ST +e(—A) + 'yBT(—A)_1> o™ = RHS,
in which the RHS only depends on ¢" and ¢"~!. Then the unique solvability of
(17) can be guaranteed by realizing the positivity of the eigenvalues of the operator
applying on ¢"*+1.

In what follows, we show that the semi-implicit BDF schemes (16) and (17)
inherit a modified energy stability at time-discrete level.

Theorem 2.1. Let k,3 > 0 and

Ly 1 - _
O =B (T + L) (I(-8) 7 + MIS)).
Let {¢g"}_, be generated by the scheme (16). Then

EpOK[¢n+1}+ <1+H

n+l _ nj|2
et C) e - I

+ W ay it - oz
(15)

1 K
< pOKj n = v n __ gn—1(2
BN+ (- g+ C) o - o s
gl “Lign _ g
+ 5 I(=8)72(¢" — ¢ 72
provided that T < % If {¢"}N_, is generated by the scheme (17), then
1
BN+ (g4 67 - 67l
1 (19)
SEPOK[¢n] 4 <47_ —I—C) H¢n _ ¢n—1||2L2’
provided that either
R>9C77, B>0 (20)

or

2
L2/ L2/
"> (30— =t ||<—A>1||> S e22l (21)
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Proof. We consider the scheme (16) first. Taking L? inner product on (16) with
¢" 1l — o™, we have

1 1

Lo =03 + 1 (6™ = "3 — 19" — 6" 132)

1 n+1 n n—12
bl — 26"+,
== 5 (1™ 13 = V6" [22) = SV (& = ™)
1
_g <2W/(¢n) _ W/(¢n_1),¢n+1 _ ¢n>
I
(= e — 9" — 6 e - 29" 6 ) (22)
7 ((=A)TH[2f(6") = F(o" ) —w] (2f'(¢") = f1(¢"71)) , 0" T — ¢")

II
- (I=2) 3@ = 9l — I(=8)"H (9" — 6" )3 )

— S IR E (@ = 20" 9" |3

—ar | [ (216m) - 1) do - il 2r6) - 11607 - 7).
Q

II1

Since |W"| < Ly, |f'| < Ly, |f] < Ly, and [, |[f(¢) — w|dz < &[Q, we further
have

L "
(W(@™H1) = W(em),1) + =5~ (6" = 6" MlI7a + 20|e" " — ¢"|[72);

1
== 2 (I=8) (™) —w)lfe — I(=A)F(£(6") = w)l3: )
II=2) 73 (F (™) = Fe™)I3

2
2
=y (=)@ = ST, S(6"TH) = f(67)
+ D (a1 2r67) - £6m Y ) (07 - 6
S E ) (FA) 7 (2(6) — S0 —w) (6" — 6" (e —6)
<= T(I=2)H (@) = @)l ~ 1(-A) (76" - w32
WL?“ -1 n n—1)2 n+1 n||2
+ L) (167 — 7 + 267+ — 67 22)
22 G ) (16" — 7 + 26— 612

2

IH:—M<
2

| [ 1) - peas

1) s

[ 167 =i

)

2
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B ny n—1 - n+1ly n T
M/Q[f(w (@ )d /Q[f(¢+) F(¢m)d

(SD)
2

el [ een) = 1) =) do- ot = o

- MfE) /Q (2£(6") = F(&" 1) —w) da - (¢" — 6", ¢" 1 —g")

< _ =
- 2
ML?” n n—12 n+1 n| 2
+ 12l (6" ="z + 20" = ¢772)
@@ (6" — " HZ2 + 2" — ¢"|Z2) -

MLy
2

Inserting the estimates of I, IT and III into (22) and dropping some unnecessary

terms, we get

2

/ F(6™) - wlde
Q

[ 1) = o

_|_

I 2 R e

1
(g ) (o = gl — 107 - 6 132)
£ 2 (1a) 6 = 6~ I-2) e —6m )3
<C(I6" = 6" 3a + 201" — 67|122),
with € = 5% 4 5L}, + L) (]| (~4) 7| + M9,

2e

Adding C(||¢" "t — ¢"||3. — ||¢™ — ¢"1||32) on both sides, it yields

EPONI5 ) - BPONI 4 (-4 5+ C) (10 - 67 — o - 6 )

+ 2 (I-8)H 6 = 6l — I(-2)H (6" — 6" )
<(3c-2) hers - 0"l <o

provided 7 < %, which leads to the modified energy stability (18).

For the scheme (17), the proof is similar to the one for (16). We only point out
key steps different from the proof for (18). Taking L? inner product on (17) with
¢" Tt — @™, all the terms are identical with those obtained from (22), except for the
two stabilization terms on the right hand side which become:

g = g —Brl(—A) = )

The estimates of I and III remain the same. There are two possible estimates for
II, one is the same as in the last proof:

< -2 (I-8) 376" ) — )2 — I=8) 2 (£(6") — )32 -
+ 2@+ L)) (197 = 67 s + 29m - 972s)

The other is to use the inequality
I(=2)72 (") = F(6M)I72 < L3 I(=2) 72"+ =63
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to reach:
< -3 (2720 —0liE ~ 1(-2)7 (6" - w)lis)
g L3+ L) [ (A (67 = " + 207 — 772) (24)
L3, L3 ,
= LA = 6" + L (- A) R (@ - 6,

After inserting the estimates for I-III, dropping unnecessary terms, and adding
C(l¢™tt = ¢™||32 — ||¢™ — ¢ 1]|32) on two sides, we get the inequality:

EPON ] - O 4 (- C) (17 = 67— 0 - ")

(30 = £ = =)™ = 6732 — ABT(~A)H (6" — 9", if using (23)
vL%, 1
7f||

3C — —A71 _7_5 n+l n22
<{ 0= ZLIEA) = 2= Sl - o7l g (01
’ny/ —1 n+1 ny |2
+ (= = BDI(=2)"2 (6" — ¢")llz-,

If the condition (20) or (21) holds, the right hand side of the above inequality
becomes nonpositive, leading to the desired energy stability (19). The proof is
completed. O

Remark 1. In theorem 2.2, the stabilizer (14) leads to a restriction on time step
7, but no condition on k and 3. Therefore one can take xk = 8 = 0 to recover the
usual second order semi-implicit scheme. In practice, however, numerical examples
show that the choice of positive stabilization constants x, 5 > 0 allows much larger
step size than that for the case of Kk = 3 = 0.

For the stabilizer (15), one can have two conditions for the energy stability. For
the condition (20), k needs to be sufficiently large, but S is only required to be
nonnegative. In this case, it is unconditionally stable as there is no restriction on
7. For the condition (21), & still has to be sufficiently large (but not as large as &
in (20)), and § needs to be reversely proportional to 7. It is of practical interest to
consider this case as 7 is expected to be relatively large to expedite the numerical
simulation so that 8 need not be too large. However, it is unwise to choose condition
(21) for sufficiently small 7.

One potential issue for the stabilizer (15) is that taking sufficiently large k (or
both x and 8) might cause big error for the numerical accuracy, which can be miti-
gated by choosing sufficiently small 7 (see Table 1 for the test of rate of convergence
in which although « is large, the error is still well controlled due to the smallness of
7). In practice, on the other hand, numerical evidences indicate that one can take
a mildly large x (or both x and 8) and still maintain the energy stability.

2.2. Second order time-discrete energy stable schemes for pACON. For
the ternary system, we consider the pACON system over time interval [0,7], and
take uniform time step size 7 = % with ¢, = n7 for n = 0,1,--- ,N. Let ¢} =~
¢i(x,t,) for i = 1,2. We will still adopt the second order BDF scheme for the time
discretization, and consider two stabilizers similar as the ones for pACOK dynamics:

¢t =200 + 977, =12, (25)
(ot = o), i=12. (26)
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Using the stabilizer (25), a time-discrete senu implicit BDF scheme for pACON
system (10) becomes: given initial data ¢; ' = @9 = ¢; 9,7 = 1,2, we find ¢! for
n=1,2,---, N such that

37T — 4g7 + PP
2T

:eA(;S’,LH + EA(2¢§L+mod(i+1,2) _ ¢?—1+2.mod(i+1,2))

OWs | ngmod(i+1,2) oy OWa n- 14+2:mod(i+1,2) ,n—1
HE T o5 - T 657

- ?W“ =207 + &7 1) — viBi(—A) TH(r ! — 207 + 677
—Yi(=A) T [2f(0F) = F(or ) —wi] [2F/(7) — £ (67 )] (27)
(— ) {zf(qsn—i-mod(z-i-l 2)) f(¢?—1+2‘mod(z+1,2)) - wj]

< [2f(67) = f(op )]
- M, { /Q [2f(]) — flop™")] do — wm} 27/ (67) = f'(¢7 )],

— Yij

for i = 1,2 and j # i, where k1, ko, 51, B2 > 0 are stabilization constants.
On the other hand, choosing the stabilizer (26) leads to the semi-implicit BDF
scheme for (10) as follows:

397! — 9y + 97!
27

—GA(anrl + A( ¢n+mod(z+1 ,2) ¢;L71+2-m0d(i+1,2))

W n+mod (¢ W- n— -mod (% —
- |:28 2( 1+ d( +1,2)’¢n)_a 2( 142 d( —i—1,2)7 n 1):|

0 0o ?
— (@ — 6 = B (=A) T e = o)
— (=) [20(87) = S8 ) —wi] [20(67) — £ (077 1)] (28)

=iy (— )7 21 (0 ) — pgf TR |
< [2f"(¢7) = f/(op )]
Yy { [ st - o) dw—wim} 2 (67) - F(@0 ).
for i = 1,2 and j # i.

For the BDF schemes (27) and (28), we can show that they inherit the energy
stability as summarized in the following theorem.

Theorem 2.2. Let k;,3; > 0, and

Ly 1 - _ .
9 T §(L2, + L&) ((vir + va2) (A0 "M+ MQ), i=1,2.

Ci =
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If {(¢%, o2)}N_, is generated by the scheme (27), then

EPON[ n+1 n+1 _;’_Z |:< + — +C> ||¢Zl+1 - ¢?|l%2

T (SN

2
1 K
ON[ n _n 7 n n—1(2
SEP [¢17¢2] + 21 {(47’ + 2*6 +Ci> ||¢z - ¢i ||L2

+'7iiﬂi

(29)

TENEP ¢¢—1>|@2] ,

provided that T < min{ﬁ7 3(1]2} if {(o%, d59)}N_, is generated by the scheme (28),
then

EPON[GT, 05 + Z ( Cz') lop ™t — 71172

2 (30)
BNt g1+ Y (- + o) I - oI
=1
provided that either
Rj Z 90222’ Bi Z 07 1= 1727 (31)
or
’Y“Lfv ? € L?c
i > - = (=A)7! — P > ' =1,2. 2
n_<3o = >||> S ! (32)

Proof. The proof is similar to the one in the binary case (Theorem 2.2), except we
need to deal with (27) for i = 1,2 separately and then add them up. To show how
the coupling maintains the energy stability, we still show the proof in detail.

We begin by taking the L? inner product on (27) with gb?“ — o fori =1,2.
Then the two equations become

*||<25"+1 i PR (||<f>"+1 — ¢1ll72 — o7 — @7 7"1Z:)
gt - 27 + 67 s

(IVer T3 = IVOT1[3 ]| + V(g7 — o1)132)
f<V¢3+V( 5=y ), V(T = o7))

oOW- OW-
<2 Mo gn gz — W2 (gnt ), ?“—csz>

T
£
2

Opy 01
I1
(||¢“+1 N7 — 6T — o7 I3 + lof T — 207 + 77 32)

’Yuﬁl (H( A" %( ?H _(b?)”%2 —l(=A)~ é(¢n_ ?*1)||%2) (33)
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- %;ﬁl I(=A)72 (77 = 267 + 077
—yn (D)7 [2F(67) — £ —wi] [2F/(67) — £/ (67 7H] L 5T — ot

111

—712 ((=A) 7" [2£(85) — F(9571) —wa] [2/(67) = ['(6771)] o7 — o)
III1
. {/ [2f(61) = S(677 )] de —w1|ﬂ|} (2f (61 = £ (@17, 01" = o1):
IV1
H¢”+1 HL2 + (H(bn-i-l _ ¢’§L||%2 — g% — g_IHQL?)

+ —llczn"+1 — 2% +¢>5 13-

= g (||V¢TL+1||L2 — Vo172 + IV (95! — ¢5)]172)
g <V¢n+1 n+1 ¢2)>
1 oW- oW
E< 8¢2( n+1’¢2) a¢22( n+1’¢g 1) n+1 ;L>
12
— 5 (195" = 6517 — 165 — #5132 + 657" — 205 + 65 [72) (34)

”252 (I-2)2 65+ ~ 63 ~ 1(-2) (65— 937 I32)
- 72352 I(—2)~} 6+ — 208 + an Y2
o ((A) 7 [27(08) — F637) — ] [27'(69) — £193 )] 5™ — o)

112
—721 <<_A)_1 [f( ;LH) - UJl] [2]"/( 72L) _ f/<¢gfl)] n+1 ¢2>
1112
i d [ Rren s de el 2r/68) - 057,057 — o8).
IvV2

Now we add the above two equations term by term. Note that 11412 and
III1+I112 are the coupling terms between ¢; and ¢o, and the detailed estimates
are shown below; while II14112, IV14+IV2 are decoupled terms, we can directly
follow the estimates of II and III in the proof of theorem 2.1. All the estimates are
given as:

I1 4 12
1 1

== 5 (W) = W(e1). 1) — o (W(e5H) — W(é5). 1)

— = (WA= —¢3) —W(1— ¢} —¢3), 1)

— o (WA= =™ =W =™ —65), 1)
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L WIED) + W) W(&3) + W (n3)

o7 — @722 + lg3 ™" — o517

4e 4e
w" n—1 W' (n"—
_ (51 );’; (771 ) <¢;L _¢?71a 711+1 _ ;L>
1m(¢en—1 1", ,n—1
o W (52 );W (772 ) <¢g, 7¢£L—1’ n+1 ¢2>
<= (W6} = g5t — Wa(o] — 63), 1)
Lwr <
+ e > (167 = of T IEe + 2060 = 6722 ;
i=1
111 + 112
2 Yi 1 1
<= B (I @) - @l - 10 H@n —w)li)  65)
=1

Vii ~ — n n— n n
+ Z < (L + Lp@)[(=2) M (l6F - ¢ HiZe + 2067 = o7ll72) ;
=1

III1 4+ III2
= — 712 (=) (f(95)), fF(e7T) — F(87))
o (AT A, £ — F61)
i (AR — F@Y) B — F@)
4 ef C’< HRA(05) — F(OY) —wa), (67— 61)?)
””f" £ (LAY @] — F@) —wn), (63— 63)?)
e (A @FBE) — F@Y) —wa), (87 — S (@ — 1))
G (AT RFST) — F@) — ), (65 — dp ) (@h — 62)
i (AT, @)+ (~A) D), F68)

+BLf DI =) (leF = o7 M llze + 2007 = 67 22)
+ 202 (- 8) 108 — 65 B + 6T - 9I22)

+EL (@ =DIEA)TH (05 — o5 e + 20T = ¢3l172) 5
2

e )

Mi ~ n n— n n
+ Z — (L + L@ |9 (67 = &7 7z + 2067 = 67l172) -

IVl + 1IV2
2

JNCASER TS

[t —wias
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Using the above estimates and dropping unnecessary terms, we find that

EPON[gn+1, gn 1] — EPON[gp, g3
+Z( ) (60 = 6212 — 167 — 6o 1)

Z B0 ()@ — o) — (- - g )

2
L ” 1 - _
< 30| B4 @ + L@ al (-2) ) + i)
i=1
VED

+ L (@ = mod(i +1,2)) [|(~4) 7
< (I = ¢ ze + 26" = 67 l172)
1 — n n n n—
+ SLHI=0) 7 (razll g™ = 97 l3e + a1l — 657 32)

Hfb”“ —¢1ll7e — *Ilcﬁn+1 - o5z

2
3 n— T 3 1 n n
<y (ci(n@ - 6 210 - 67I2) - St - oI

=1
where
Lwr 1,5 ~ . -
Ci === + 5 (Lj + Lp@) (v +32) [(=2) 71 ) + MiQ) i = 1,2,

Adding Zle Ci ([|¢f T — ¢7|12. — |97 — 7 '[|2.) on both sides of the above in-
equality, the resulting right hand side becomes nonpositive provided

T < min{(3C1)7la (302)71} ’

Hence, we obtain the modified energy stability (18).

The proof for the energy stability (19) is similar, except for the terms involving
stabilization constants x;, and 3;. We only point out the key difference. After taking
L? inner product on (28) with ¢?+1 — o7 for i = 1, 2, respectively, we obtain the two
resulting equations similar to those in the last proof, except that the stabilization
terms become:

Ki n n —1,.n n .
_*T”¢i 1 ¢z ”%27 _'YiiﬁiTH(_A) 2 (¢u+1 - )||L27 =12

The estimates of [1+12, TIT1+ 112, IV14+IV2 are identical to those for the proof of
(18). To estimate 1114112, we can either follow the inequality (35) exactly, or we
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can perform:

111 + II2

_ Z Vi (H A)TE(F(OP) — w3 — I1(=A) "2 (f(g7) —Wi)”%2)

Yii ~ — n n— n n
+ Z - (L Ly @) (=) (6] = 67Tz + 20167 = 67II72)

i=1 (36)
+Z< 5L Cay 1||¢?“—¢?%z)
+Z”“ ATEIN ST

After summing all the estimates for 11+12, I114+112, ITI14+1I12 and IV1+IV2, and
adding
2
D Ci(llgitt = oP 7 — llof — ot 1Ze)
i=1
on both sides of resulting inequality, we have
EPON[p1, o5 = EPON[g1, 6]

2
1 n n n n—
+Z Dler = o117 — llof — of M 172)
23;1(302-—%—%T>||¢?“—¢?||%z+<—mi I(=A)=2 (o7 — 6)]|25,
L2, _ K n n
> (3@ BTN ) it — g2,

I Bl (—A) (60 — )2,

by using the estimates (35) and (36), respectively. Using the conditions (31) and
(32), respectively, leads to the desired inequality for the energy stability. O

<

2.3. Error analysis of time-discrete schemes. Now we perform an error esti-
mate for the time-discrete scheme (16) for the pACOK dynamics. We begin with a
lemma which provides an estimate for the time-discrete local truncation error and
will be applied on the error estimate in Theorem 2.5 later.

Lemma 2.3 (Time-discrete LTE). Let ¢ = ¢(t) be the solution to the pACOK
dynamics (6) with initial data ¢o. Then the time-discrete local truncation error T'™
for the scheme (16), defined by

3¢(tn+1) - 4¢<tn) + (b(tnfl)
2T
1

= eAd(tnt1) — p W' (é(tn)) = W (p(tn-1))] —
—y(=A) " 2f(B(tn)) = F(¢(tn-1))) - [2f" (D(tn)) — [ (P(tn-1))]
= B(=A) " (G(tns1) — 26(tn) + d(tn-1)) (37)

- M UQ (2f (¢(tn)) = f (¢(tn-1))) dz = w|Q[| - 21" (6(tn)) = f' (6(tn-1))]

(@(tns1) = 20(tn) + G(tn-1))

o E
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+ I
has estimates

T <C7°

tn+1
[ 10 @I + ool i

tnt1
+1‘ m%ﬂ@Mw+Mhﬂ@ﬁw+meﬂﬂ%7

and

n—1

tn
-3 2, <ot [ / (10 ()2 + 946]2e + 1900 () 12w )

j=1
j tn
+ [ Q0ur @ + 1ouol:) ]
0

where C is a generic constant which might change the value but only depends on
€7, M, H(_A)_l”v|Q|7Lf/7‘b7’ivﬁ'

Proof. Applying the Taylor expansion with integral residual

o) = glto) + g/ ()t — o) + 39" (0)(tr ) + 5 [ " @)(e = )

to the solution ¢(t), we have
1 1 [t
O(tn) =p(tnt1) — Ord(tnt1)T + §5tt¢(tn+1)7'2 + 3 / O () (t — tn)?dt,
tnt1

(tn-1) =p(tny1) — Ord(tns1) - 27 + Oped(tnir) - 272
1

tn—1
by [ttt
tn+1

which implies that

3¢(tn+1) — 4¢(tn) + (b(tn—l)
2T

1 tnt1 ) 1 tn+1 )
=01 0(tnt1) + — / e d(t)(t — tp,)dt — */ Oprd(t)(t — ty—1)"dt
T Jy ar Jo |

n

=eAP(tnt1) — *W (B(tn+1)) = 1(=2) " (f(¢(tnt1))) - F'(D(tn+1))
0 [ (F(bltnss) — ) de - (0ltr1)

1 tnt1

tn1
+ T /tn Oued(t )(t - tn)gdt T i attt¢(t)(t — tn71)2dt.

tn—1

Subtracting the above equation from (37) leads to the explicit form of T'™
1
[ = = = W' (6(tn+1)) = 20 (8(tn)) + W' (¢(tn-1))]

+j<<n+1 20(tn) + 6(tn-1)) = A=A) " (F(9(tns1))) -  (@(tn+1))
t

) =
+(=2)71 2f($(tn)) = f(D(ta-1))) - [2F (8(tn)) — ' (6(tn-1))]
+9B(=2)1 (D(tns1) — 20(tn) + S(tn-1))
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M / (bns1)) — lQ) dz - F/($(tnsn)

Y [ [ @56~ f 6t o —m@ RF (6(6) — ' (@ltar)]
Q

1 tn+t1 ) 1 tn+1 )
+ */ Opted(t)(t — ) dt — Z/ Oped(t)(t — t—1)7dt
t T tnfl

T

=:1(a) +nI(b) +TI(a) + TI(b) + T1(c) + ITI(a) + ITI(b) + IV (a) + IV(b).

Now we estimate each term individually. For the terms I(a) and I(b), we use
again the Taylor expansion with integral residual

oltr) = g(to) +/ (o) s —t0) = [ 4" (Ot — 1)

and apply it to (h o ¢)(t)

B(&(tn)) = h(&(Ens1)) — Oeh(&)(tner)T + / " 0un(@) ()t — ty)dt,

n

B(&(tn1)) = M(B(tns)) — Dh(B) (tnsr) - 27 + / " 0un(@) Ot — ta_)dt,

n—

which imply that
h(@(tnt1)) — 2h(¢(tn)) + h(P(tn-1))

n41

=7 " eh(6) ()t — ta)dt + / T b))t — tor)dt.

n n—1

We then obtain
1(¢(tns1)) = 2h(D(tn)) + M((tn-1))72 < 8T Oeeh( D)1 F2(t,, 1 00 irir2(c))s (38)

1h(¢(tns1)) = 218 (tn)) + h(S(tn-1)) T < 8T D)[T2 (s, 1,1 1iLoe(c2))- (39)
Taking h = W’ and h = I in (38) yields

8
@)z < 72 10uW (@2, 100005020

MO < 2 r10u1 o vstr o
For the terms I1(a) and II(b), we have
M(a) +T1(b) = = y(=2) 7" [f (6(tnr1)) = 2f (6(tn)) + f (B(tn-1))] - ' (6(tns1))
= (=) 2f (6(tn)) — £ (D(tn-1))]

X [f' (¢(tni1)) = 2f (B(tn)) + £ (0(tn—1))],

which, by estimate (39), implies that
TI(a) 4+ T1(b) (|72 <|Q*|TT(a) 4 T1(b)[|7
<IQPY L (=A) 287210 f (D)1 72t st iasnoe ()
+ QPR3 (= A) TP f (D) T2 1y tsrizo (@)
The estimate of term II(c) is similar as that of I(b), which reads
ITI(e) (17 <IQP(TT(e)]|7
<IQPY? B2 (=) M IP87 10Dl T2t st srsnoo ()
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The estimate of term III(a) + ITI(d) is similar as that of II(a) + II(b), which reads
I[11(a) + IIL(B)I[72 <MPLE QU872 100 f (DT (1, iz ()
*’A4259|f“2873Hé%tflﬁﬁ)H%2@n,1¢n+1ﬂxw(9)y
Finally, the estimate of term IV(a) 4+ IV(b) gives
[TV (a) + IV(0)[IZ> <2[|TV(a)|[72 + 2TV (D)7

2 4
3373 ||attt¢H%2(tn,tn+1;L2(Q)) + 373 ||attt¢H%2(tn_1,tn+1;L2(Q))

6
SET?)||attt¢H%Q(tn,l,tn+1;L2(Q))'

Combining all the above estimates together yields

1 tnt1 tn41 K2
I3 §4873{62 [ o @+ [ 0o

tn—1 tn—1

tni1
4 / Q27282 (— )| b3

tn—1

1023 (—A) / L2110 ()3 + D20 (D)) dt

tyn—

tn+1
SEYE / (L2100 (8) 2 + G2 (010" (6)]12) it

n—1

6 [t )
bg [ lowolade

tn—1

tni1
<Cr® / (10aW' (&)172 + |06l 70 + (|0t f (D) ||7 ) i

tn—1

tr
+/ (Hattf/((b)HQLoo + ||8ttt¢||2Lz) dt] ,

tn—1
and
n—1 ) tn
Ty [)z. <Crt [ /0 (106" (D) 172 + 1006l Le + 100ef (D)) dt
j=1
tn
+ [ 10ur @~ + l0wiole) .
0
which completes the proof. O

We also need the following lemma for the estimate of terms involving (—A)~*.

Lemma 2.4. The following inequalities hold under periodic boundary conditions
for a generic constant C':

(—A) " u,0) < [[(=A)"Ful2: ) (—A) 202,
(=), ) < Cllul2.,
(—A) Y, 0) < Cllul|Zefv]2.
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Proof. Let (—A) 'u=U,(~A)"'v = V. Then

/U(—A)de:/VU-VVda:
Q Q
<|IVU|2:1VV |22 = [[(=A) " Ful|2a||(—A) " 50| 2,

which proves the first inequality. For the second inequality, we have
IVU|IZ. = / Uudz < ||U||zs||ullpos < CNUlaJullpess < CIIVU|| L2 [|ul 22,
Q

canceling |[VU]| 2 from both sides leads to the desired result. The last inequality
is the combination of the first two. The proof is completed. O

Now we are ready to present the error estimate for the numerical solution of the
scheme (16) for the pACOK dynamics.

Theorem 2.5. Given T > 0 and an integer N > 0 such that T = % and t, = nt
forn=0,1,--- | N. Assume that
(W' (9))t, prur €L?(0,T5 L*(52)),
(F(@))sts (' (0))st: b €L(0, T L=(K2)).

Let {¢™} be the numerical solution for the scheme (16), then for sufficiently small
time step T, we have

I¢(tn) = ¢" L2 < C7n=1,2,--- , N, (40)
where C is a generic constant which depends on €,~, M, ||[(=A)7|,|Q|, L, @, k, B,

the L?(0,T; L?(Q))-norm of (W' (¢))t, Geee, and the L2(0,T; L°°(2))-norm of
(f(D))ee, (f'(0))et, Due-

Proof. In the proof, we will denote by C' a generic constant whose value may vary.
Denote €™ = ¢(t,,) — ¢™. Subtracting the scheme (16) from the equation (37), we
have
3en+1 — 4em + en—l
2T

= A [ (6(10)) — 2W(6") — W (6t 1)) + W' (6" )]

I

(6n+1 — 2™ 4 enfl)

—y(=A) 71 2f (6(tn)) = [ (D(tn-1))) - 2F ($(tn)) — [ (¢(tn—1))]
II(a)
Fy(=A)TH(2f (") = f (")) - [20 (0") = 1 (¢" )]
11(b)
_ ,yﬁ(_A)fl(enJrl — 2" + enfl)

-M Uﬂ (2f (¢(tn)) = f (¢(tn-1))) dz = w|Qf| - 21" (6(tn)) = ' (d(tn-1))]

1T1(a)
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+M[/Q(2f(¢5")—f(qﬁ"_l))dx—WIQ 217 (") = f (") +I

IT1(b)

Taking L? inner product with e”*! on both sides, we get

1
— (3™t —de™ " ") + €[ Ver |7,

2T
_ <L€n+1> _ g <en+1 — 2" 4 en—l’en+1> (41)
+ (I(a) + II(b), ") — vB((— (e"th —2e" "), ")
+ (II(a) + II(b), "'y + (T, "+1> :
For terms in the above equation (41), we can estimate them as
1
(et —ge " e ) =X X §||6”Jrl —2e" + e H2,; (42)

n LW” n n— LW” n
a&+ws7fwme4eH@w%gﬂw“ﬁﬁ@m
n n n— n 5 n n n
— (e =26 e ey < et B+ 2 e R (4)

_ <(_A)—1(en+1 _ 26" + en—l),en+1>
5 n n 1 n—
<0 (G111 + 31 ) 45)
in which X" = 3|le"[|2, — L[|e" 1|2, + |le” — "~ 1||2,, and the last inequality (45)
is due to Lemma 2.4. Additionally,
(I(a) + H(b) e"th)
==y ((=A) 2/ (et )) f(@(tn-1))]
( ( (tn)) — ( ") = f(P(tn1)) + f(¢"7)) et
— 7 {((=A) " [2f(d(tn) = 2f(¢") = f(D(tn-1)) + f(¢" )]
<2f COEN <¢" ).
<AN(=A)H@Lygr (4172 + lleHI72)
+7yCBLy )Ly (472 + [leI72)
Y —1y~ n Y n
+5ll(=4) Hi@Lpnlle™ |72 + 5CBLy )Ly lle I
-1~ 1 n n n—
= (I(-8) 6L +3023) (e s + 1 s + 1 ).
and
(II(a) + III(b), e"*")
1 n n—
<MmuLw+%ﬂ(gwﬂm+mmm+w]ﬁg.un
(

Inserting the estimates (42)-(47) back to (41), and dropping the unnecessary terms
€| Vertt||2, and L|jent! — 2™ + em71||2,, we arrive at

1 n n
;(X o xm)
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5 n+1(2 ni|2 1 n—12
<(1+0) 5”3 72+ lle ||L2+§He 172
LW// 1 - 2
+ | =+ (A + MQ) (@I +3CLE)

1
(G s + e+ e

1 1
I + S e 2

Let D, E, F be generic constants depending on €,, M, [|[(=A) 7Y, 2], Ly, @, K, and
8. Then the above inequality becomes

X = X" < Drfle*L. + Erlle™| 2z + Frlle™ [ 2: + 7|70 (48)
Summing from 0 to n — 1 and noting that e~ = e® = 0, we have
n—1 n—1
X" < Drlle"|fa+ (E+F)r Y [l +7 > [T
j=1 j=1

Note that X" = L{le"[|2; + 312e™ — e" 1|22 > 1|le™||2.. Then

n—1 n—1
1 N : n
(2 _DT> le"l3: < (BE+ F)r Y llefl7z +7 > IT"3..
Jj=1

j=1

If 7 < L we have

4D>
n—1 n—1
le" |72 < 4B+ F)r Y _|le||7: +47 ) T3
j=1 j=1

The discrete Gronwall inequality leads to
n—1
e (32 < BT ar 372, < Ot
j=1

in which the last inequality is due to Lemma 2.3. Therefore the desired error
estimate holds. O

Remark 2. The error analysis for the time-discrete scheme (17) of pACOK is
similar, and we omit the details. However, for the error analysis of the time-discrete
schemes (27)-(28) of pACON, we have a technical issue with the crossing term
gA(Zqﬁ?erOd(lH’Q) - ¢?_1+2'm°d(1+1’2)) that needs to be addressed in the future
work.

3. Fully-discrete schemes for pACOK and pACON. In this section, we will
use spectral approximation in space to construct the fully discrete schemes for
pACOK (6) and pACON (10), and analyze the corresponding energy stabilities.

3.1. Spectral collocation approximation for spatial discretization. We dis-
cretize the spatial operators using the spectral collocation approximation. To this
end, we adopt some notations for the spectral approximation as in [20, 10, 37].
We consider Q = [-X, X) x [-Y,Y) C R2. For the three-dimensional case, the
notations can be defined in similar manner. Let N, and N, be two positive even
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integers. We take h, = % and hy, = % and define Q;, = QN (hZ @ hyZ). We

define the index sets:
N N. N, N, N,
Sh={(k,l)ezgl—2’”+1§ks;,—;+1§j§2y}.

Denote by M}, the collection of periodic grid functions on :
My = {f Q= Q|fi+mNz,j+nNy = fZJ7V(Z7j) S Sh,V(m,n) S ZQ} .

For any f,g € My, and f = (f1, )T, g = (¢%,¢*)T € M}, x My, we define the
discrete L? inner product (-, ), discrete L? norm || - || 2, and discrete L> norm
Il - lln, Lo as follows:

(F,90n =hahy D fisgiis Wfllnez =V Pne I fllnpe = max | fi;

(i,j)ESh (i,j)ESh
<f7 g>h — hlhy Z ( 7}7‘97(1] + 12_7912]) 5 Hf”}LLQ = <f7f>h-
(ia.j)esh

For a function f € M, the 2D discrete Fourier transform (DFT) f = Pf is
defined as:

. 1 km Am A
fr = N Z fijexp (—1X:ci> exp (—1ij> , (k1) € Sh,

Y (i,5)eSn

where ‘i’ is the complex unity, and x; = —X +thg,y; = =Y + jhy, 1 <i < N,, 1 <
j < N,. The corresponding inverse DFT (iDFT) is given as:

A kT Am .
fij = Z frrexp <1X$i) exp (1ij) ;o (4,) € Sh.
(k,l)eSh
Let M\h = {Pf|f € M} and define the operators D,, ﬁy on /T/l\h as
PR ikm\ & PR im\ , .
(Def)ie = ) forr, Dyl = < ) far, (K1) € Sh,
X Y
then the Fourier spectral approximations to the spatial operators d,,0,, can be
written as
D, =P~ 'D,P, D,=P~'D,P, D?=P 'D?P, D!=P 'DZP.

For any f € My, and f= (f1, f2)T € M;, x My, the discrete gradient, divergence
and Laplace operators are given respectively by

Vif=(Daf. Dyf)", Vu-f=Dof' +Dyf?
Anf=D2f +D2f = P~Y(D%+ D2)Pf.
Let My = {f € Mu|(f,1)n = 0} be the collection of all periodic grid functions
with zero mean, we define (—Ap)~1 : My — M, as
(A 'f=u= —Apu=f.
More precisely in terms of DFT and iDFT, we define it as
(=An) "' f =P (D} + D))~ Pf
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— _pt [(%)2 + (lvﬂ)z]_l fras (k1) #(0,0)
0, (kal) = (an)

Note that (—A,)~! can be defined for g € M\ M, by simply removing the (0, 0)-
mode goo, namely, (—=Ap)"1g := (=An)"(g — Goo) if g € M} \M,,. Furthermore,
we define (—A,)~2 as follows:

IR A7 1o = (AT (A THE) = (A0 TL.1),,-

We denote by [|[(—=Ap)"Y| the optimal constant such that [|(—=Ap) " fllare <
C\lflln.1, namely the norm of the operator (—Ay)~! from L*°(M}) to itself.

Note that an aliasing error will appear in the pseudo-spectral approximation.
An aliasing error control technique was developed recently and applied for the 3-D
viscous Burgers’ equation [14], 3-D incompressible Navier-Stokes equation [33] and
‘Good’ Boussinesq equation [35]. We will take this technique into our consideration
in the future work.

3.2. Estimate of ||[(—Aj)7!||. Asthe energy stability for the fully-discrete schemes
depends on |[(=Ap)71||, we will provide an explicit L> bound of the operator
(—Ap)~!. To this end, we need two lemmas, the first one is the discrete analogy
of a Sobolev embedding inequality, and the second one is regarding the stability of
the spectrally discrete Laplacian operator —Aj. Noting that the first lemma is a
consequence of the standard Sobolev embedding theory, and the second lemma is
due to the elliptic regularity, we will not repeat the detailed proofs.

Lemma 3.1. Define the discrete H® norm for f € My, as:
£ e = Y (L4 (R + 1)) fal®
(k,1)eSy
Then for any function f € My, we have
[ lln,Loe < Csl| flln, e (49)

provided s > d/2,d = 2,3, where Cs is a constant only depending on s and is
independent of h.

Remark 3. Taking s = 2 in the Lemma 3.1, we can have an estimate on Cl:

1 =1 1
C? = — <144 +/ dxd
2 (M)ZEZQ 14 (k2 +12)2 — ; 1+ Jo T+ @2+ g2z

72 x?

<144 —+ —.
<1+ 6 +t3
We also have a uniform L> bound for the operator (—Aj)~L.

Lemma 3.2. Let any u, f € My, be such that —Apu = f, then we have
[ulln,oe < Cay/ (1 +CRIQU (1 flIn,Lo (50)

where Cp < M is the discrete Poincare constant. In other words, ||(—Ap)™!|

is uniformly bounded as:
[(=An)7H < Co /(1 + P9
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Now we will use the estimate of ||(—=Ax)™!| to obtain the conditions of energy
stability for the fully-discrete schemes of pACOK (6) and pACON (10) given in the
next subsection.

3.3. Fully-discrete schemes for pACOK and pACON. Given the discrete
Laplacian operator —Aj, and its inverse (—Aj)~! defined in the preceding subsec-
tion, and denote by

q)ngqﬁ(mvtnﬂﬂw HN¢1(SC 3 )lQh’ TLN¢2(Z. 13 )lQh’

the numerical solutions of pACOK (6) and pACON (10), we arrive at the following
second order fully-discrete semi-implicit schemes for the pACOK equation (6): given
initial data ®~1 = ®° = ¢y(z)|q,, for n € [N], find &' = (@Z-Jrl) € My, such
that

3(I)n+1 _ 4(13n + (bnfl

2T
= e - L@~ W] - 2 (8 20 4 )
y 51
— (=A™ [2f(<1>”) —f@" ) -wloe (2f (@") - f'(@"1)) 1
—YBr(—AR)~ (<I>7”rl 20" + " 1)
-M [<2f(q)n) - f((pn 1 > — W|QH (2f (I)” ((I)nfl)) 7
by using stabilizer (14); or
3pnt+l _ 4dn 4 pn—!
2T
= et = L @) @] - B (an - an)
i (52)

—y(=Ap) 7t [2£(") — f(@"TY) —w] © (2f/(@") - f/(@"7h))
_ ’YﬂhT(—Ah)_l ((I)m-l _ <I>”)
=M [(27(@") — f(#"7),1), —wl0l] (2/(#") — f/(#" 7)),

by using stabilizer (15), with kp, S, > 0 being the stabilization constants. The
notation ® represents pointwise multiplication.

Similarly the fully-discrete semi-implicit schemes for the pACON equations (10)
read: given initial data ®;' = ® = ¢ ;(z)|q,,i = 1,2, we find (®]T, &5 =
(@7FH), (@3 T1)) € My, x My, n € [N] such that

1,23 2,13
307t — 407 + @1t
2T

_ eAh@’f‘H + EAh(Q(I);L—i-mod(i—i-l,Q) . q);v,—l+2~mod(i+1,2))

oW, pnmod(i+12) oW, gn-1+2mod(i+1,2) 1
2 (bn _ (pn
S )" %5 (M )

Kq, n — _ n _
- Th(q)?H =207 + 7 ) — i Bin(—Ap) TP — 207 + 7Y (53)

= Yu(=An) 7 [2£(2F) — F(@77) —wi] © [2/(@F) - f(@7 )]
o ’Yz]( ) 1 2f( n+mod(1+1 2)) f(q)ﬁ—1+2~rrlod(i+1,2)) B Wj]

© [2f/(®F) - (@7 7)]

J



26 HYUNJUNG CHOI AND YANXIANG ZHAO

= M; ((2£(®}) = f(2]71),1) — wil]) [2/(®]) — f(@7 )],
for i = 1,2, j # i if choosing stabilizer (25); or
3@?-‘1—1 _ 4@? + @;L—l

27‘

= EAh(I)n—H + A (Q(Dn-i-mod(z-l-l ,2) @7—1+2~m0d(i+1,2))

6W2 Prrmod(i+1.2) OWs | n142.mod(i+1,2) 1
— =12 , DY D , P57
At )~ 56 )

— (@ @) iy (—A) (@ - @) (54)
€
= (=80 [2F(2F) — A7) —wi] © [27(®7) - £1(277Y)]
— i (=AR)~ 1 {Zf( PrHmod(i+l, 2)) f((b?qﬁ.mod(iﬂ,z)) _ w]}
© [21/(@}) = /(97 7)]
— M; (2f(®]) — f(@7 1), 1) —wilQ) [2f(®}) — f/(@7 )],
for i = 1,2, j # i if choosing stabilizer (26), with &; 5, 8;n > 0 for i = 1,2 being
the stabilization constants.

The unique solvability of the schemes (51) and (52) for pACOK, and the schemes
(53) and (54) for pACON, can be guaranteed by the following theorem.

Theorem 3.3. The schemes (51) and (52) for pACOK, and the schemes (53) and
(54) for pACON are uniquely solvable.

Proof. We only need to show the proof for one scheme. Others are similar. Take the
scheme (52) as an example. Since it is semi-implicit with nonlinear terms treated
explicitly, we only need to check that the operator applying to ®"*! is invertible.
Indeed, the scheme (52) can be rewritten as

2T €

3 K
< + th + 6(—Ah) + ’}/,BhT(—Ah)1> ot = F;:,
and the operator in front of ®"*! is invertible as all its eigenvalues are positive. [

To consider the energy stabilities for the pACOK schemes (51) and (52), we
define a discrete analogy of the energy (5):

n € n 1 n ,7 -1 n
BROE[@"] = SIVR®" ] e + = (W(@"), 1), + 51 (=20) "2 (F(@M)]7 12
M

S (@), 1), — wl2)”.

Similarly, we also define a discrete analogy of the energy (9) for the energy stability
of the pACON schemes (53) and (54):

ON[xn Fn
Ei}z [(I)l ’ (1)2]

(55)

€ n n n n 1 n n
=5 (thq)l 1% 12 [[Vrh®3 ||%L 2t <vhq)17vh<p2>h) + . (Wa(@7, @3),1) (56)

# 3 B (80 @) @)+ 3 (01, ~ )

Then we have the following energy stability for the pACOK/pACON schemes:
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Theorem 3.4. Let kp,Bn > 0, and

L " 1 - —
O =T 4 213+ Lp @)l (~20) ] + M),
If {®"} V| is generated by the scheme (51), then
1 K
pOK gn+1 AL n+l _ gn2
Eh [(P }"' (47’ + 26 +Ch> ||¢ (b ||h,L2
+ D an) r @ e
OKrxn 1 Kh n n—
< EPO¥[o"] + (47+2€+Ch [ — " 1|12 L
7Bn J Ry, n—
T TN S %
provided that T < ﬁ; If {®" YV, is generated by the scheme (52), then

1
E}I;OK[(DTL"Fl] =+ (47_ + Ch) ”(bn—&-l _ q)nH%L,LQ

1

< BRON[@"] + ( i
=

+ 0 ) o - a R o
provided that either
€
Kh > 90}211,
or
L2, ‘e 12,
> (30, — —=L||(-Ap)™? - >,
mh_< = ) ||> Bzl
Theorem 3.5. Let ki p, B, > 0, and
LW// 1
2e +§
If {(®7, ®2)IN_| is generated by the scheme (53), then

Cin=

2
1 KRi h
BN, @5+ ) (47 S s 0) 25 — 7 s
i=1

2
Vi Bi “1l,-m
+ Y A T @ ! — @) e

i=1

1 Ki

ON n n l,h n —

< BPON[O7, @3]+ ) (47 + 5 +Oi,h> |7 — @575 L2
i=1

2
Yii Bi _1 e
+ Y A TE @ — @R e

i=1

n=1

27

(L3 + Lpr®) (v +7a2)[(=AR) 71D + MilQ]), i=1,2.

provided that T < min{ﬁ, ﬁ}, if {(®7,®5)}N_, is generated by the scheme

(54),

2
n n ]' n n
BN o5+ 3 (47 + 0) @7 - @77 1o
=1
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2
1
ONsn Fn n n—
< R0t o5+ Y- (- Con ) 100 - 9 R e
1=1

provided that either

Kip > 903& i=1,2 (59)
or
’y-vL?, ’ € L?f'
> 30, - & A7) =, B> , =12 60
Kih = ( h 5 [(—=An) ||> 1 Bin = o7 7 " (60)

The proofs of the above two theorems are similar to the time-discrete analogies
in theorem 2.1 and theorem 2.2. The only difference is that (—A)~?! is replaced by
(—Ap)~ . Therefore we omit the details.

3.4. Error analysis of fully-discrete schemes for pACOK. The error esti-
mates for the fully discrete schemes (51) and (52) are similar to the time-discrete
case in the section 2.3. For the spatial estimates, we adopt a known result in the
error analysis of spectral methods [28]:

[¢" — @™ [[n,L2 < C(N;™ + N, ™), (61)

for some generic constant C' depending on the regularity of the exact solution.
The following theorem summarizes the combination of the estimate (62) in time
and (61) in space for the fully discrete schemes of pACOK. The proof is omitted.

Theorem 3.6. Given T > 0 and an integer N > 0 such that T = % andt, = nt for
n=0,1,---,N. Assume that (W'(¢))u, due € L*(0,T; L*(Q)) N L2(0,T; H™(Q)),
and (£(6))es (F'(0))er, de € L2(0,T; L%(Q)) N L2(0, T; H™()). Let {®"} be the
numerical solution for the scheme (16) or (17), then for sufficiently small time step
T, we have

lo(tn) — @ ||pL2 < 0(7'2 +N, ™ —l—Ny_m),n =1,2,---,N, (62)

where C is a generic constant which depends on €,~, M, ||[(=A)7|,|Q|, L, @, k, B,
and the regularity of ¢ but is independent of T, N, and N,,.

4. Numerical experiments. In this section, we present some numerical solutions
to the pACOK (6) and pACON (10) equations with periodic boundary conditions
using the suggested BDF schemes. We conduct numerical experiments in two di-
rections. One is to numerically verify the second order rate of convergence, and
the other is to observe coarsening dynamics of the binary and ternary systems.
The domain for these experiments is Q = [-1,1]> € R2. For pACOK, we take
Ny =Ny, = 28 and for pACON, we take N, = Ny = 29. The grid size is h = 2/N,.
The stopping criteria for the time iteration is set to

H(I)nJrl _ (I)th,LOO

T

<107°

for pACOK, and

[ — s, 05 = 03]
T T

h,Lo®

<107°

for pACON.
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4.1. Rate of convergence. For the pACOK equation (6) of the binary system,
we test the rate of convergence using the following initial condition:

1 ifa? +y? <l
¢°(x,y) = . 0
0 otherwise,

where ro = /w|Q|/m + 0.1. The test is performed for e = 20h, 10h, and 5h up to
T = 0.01. The parameters are w = 0.1, M = 1000, v = 100, x = 500,000, and
B = 500. We take the scheme (52) with stabilizer (15) and condition (20) for the
numerical simulation.

The benchmark solution is calculated with the time step 7 = 1 x 1076, Table 1
shows the errors and the corresponding convergence rates at time 7' = 0.01 using
the scheme (52) to solve pACOK equation of the binary system. For each value of
€ = 20h, 10h and 5h, one can see that the numerical rates become very close to the
expected value 2 for small 7, which is consistent with the theoretical prediction.

e = 20h e = 10h € = 5h
T Error Rate Error Rate Error Rate
6.25000e-4  1.7780e-1 - 2.7611e-1 - 3.0359¢-1 —

3.12500e-4  5.7956e-2 1.6173 1.3601le-1 1.0215 2.0887e-1 0.5395
1.56250e-4  1.5596e-2 1.8971 4.3307e-2 1.6510 9.0438e-1 1.2076
7.81250e-5  4.2290e-3 1.8794 1.1944e-2 1.8584 2.7308e-2 1.7276
3.90625e-5  1.2178e-3 1.7960 3.2868e-3 1.8615 7.4445e-3 1.8751
le-6 - - - - -
(benchmark)
TABLE 1. Numerical rates of convergence in binary system (pA-
COK) with parameters w = 0.1, M = 1000, v = 100, x = 500, 000,
and 8 = 500.

For the pACON equation (10) of the ternary system, we take the initial data as
four seperated disks, two on each axis.

Rr.y) = 1 if (z+0.5)2+y? <r?/4+0.03,
S 0 otherwise,

0 )_{1 if 22+ (y +£0.5)2 < r2/4 + 0.03,

0 otherwise,

where r1 = \/w1|Q]/7 and ro = Jw2|Q|/7. We choose the parameters as wy; =
Wy = 0.1, M1 = Mg = 1000, Y11 = Y22 = 2000, Y12 = Y21 = 0, K1 = Rg9 = 1000,
and 81 = B2 = 0. Each test runs up to T' = 0.01. We take the scheme (53) and
condition (59) for the numerical simulation.

Table 2 lists the errors and the numerical convergence rates taken at time T =
0.01 using the BDF scheme (53). Our benchmark solution in this example is com-
puted with the time step 7 = 1 x 10~7. Similarly as for the pACOK case, for
each value of €, the numerical rates closely match with the theoretical value when
T becomes smaller.

Note that the penalty constant M will potentially increase the stiffness of the
model. Two methods are usually adopted to handle the largeness of M while still
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maintaining the stability and the numerical accuracy. One is to take a relatively
small time step 7, which is what we use in this paper. The other one is to start with
a small M so that the initial stiffness is easily controlled, then gradually but slowly
increase the value of M. This method has been adopted in some of our earlier work
[41, 32].

€ = 20h e = 10h € =5h
T Error Rate Error Rate Error Rate
1.9531e-4 6.4752¢-2 - 8.6449¢-2 1.1016e-1

9.7656e-5  3.8307e-2 0.7573 5.2877e-2 0.7092 7.4234e-2 0.5694
4.8828e-5  2.0243e-2  0.9202 2.7753e-2 0.9300 4.0591e-2 0.8709
2.4414e-5 9.7032e-3 1.0609 1.3121e-2 1.0807 1.8854e-2 1.1063
1.2207e-5  4.0208e-3 1.2710 5.3810e-3 1.2860 7.6155e-3 1.3078
6.1035e-6 1.0766e-3 1.9010 1.4069e-3 1.9354 1.9639e-3 1.9552
le-7 - - - -
(benchmark)

TABLE 2. Numerical rates of convergence in ternary system (pA-
CON) with parameters w; = wy = 0.1, M; = My = 1000,
Y11 = Y22 = 2000, Y12 = Y21 = 0, K1 = Ko = 1000, and ,81 = 62 =0.

4.2. Coarsening dynamics. In the second experiment, we focus on the dynamics
of the pACOK and pACON equations with the suggested schemes (51) and (53),
respectively. As we discussed in Remark 1, choosing stabilizer (14) or (25) with
mildly large stabilization constants would allow a relatively large step size and not
cause too much error in the computation.

When the relative volumes of the constituents in these systems (w in pACOK,
and w1, we in pACON) are small compared to the total volume, and the strengths of
long-range interactions (v in pACOK, and 711, 722 in pACON) are relatively large,
we can observe the equilibria as several types of bubble assemblies.

Our initial data are randomly generated on a uniform mesh of the domain € =
[~1,1]? with the mesh size 16h. The MATLAB command for such functions is
repelem(rand(N/ratio, N/ratio), ratio, ratio). We use ratio = 16 in all
our experiments and each experiment starts from a random initial state. In the
binary system, the fixed parameters are 7 = 1 x 1073, w = 0.1, ¥ = 2000, 8 = 5,
and M = 1000. In the ternary system, we fix 7 = 1 x 1073, w; = wy = 0.1,
k1 = Ko = 1000, 51 = B2 = 5, and M = 1000. Note that the time step 7 = 1 x 1073
is taken to be mildly small. This is because on one hand we need a small 7 to
catch the quick phase separation in detail during the initial short period of time; on
the other hand, an extremely small 7 will cause numerical inefficiency, therefore, a
mildly small value of 7 = 1 x 1073 is taken.

Equilibria in the binary system are single bubbles captured in Figure 1, where
we vary v as v = 5000,8000. In the top subfigure, the random initial is phase
separated quickly within a very shot time period, resulting in a group of bubbles
with different sizes, then the tiny bubbles disappear, other bubbles evolve into an
equal size, and eventually all the equally-sized bubbles become equally distanced,
forming a hexagonal pattern in the 2D domain 2. The insets are snapshots taken
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at t = 1,10, 50, 150, each of which has a colored title indicating the corresponding
colored marker on the monotone decreasing energy curve.

1224 \ T \ \

) 20 40 60 80 100 120 140 160 180 200
Time

t=100

08
‘ 06

|04
02

13.7 | 1 | | 1
0 20 40 60 80 100 120

Time

FIGURE 1. (Color online) Coarsening dynamics in binary system
with v = 5000 (top) and v = 8000 (bottom). The larger the
repulsive force « is, the more bubbles are generated from random
initial.

When the value of v becomes larger, say v = 8000, but other parameters are
fixed, the stronger long-range repulsive interaction between bubbles lead to more
bubbles of equal size and equal distance. The result is depicted in bottom subfigure.

The ternary system has more equilibrium types as shown in Figure 2. For the
top subfigure in Figure 2, we take 11 = 25 = 2000, y12 = 721 = 0. Starting from
a random initial generated by repelem, the system quickly goes through the phase
separation within a very short time period (¢ = 1), with some being double-bubbles,
and others single bubbles in either red or yellow. Then the tiny single bubbles
disappear (¢ = 10), and other single bubbles with different colors merge to form
double-bubbles, reaching to all double bubbles with equal size and equal distance
in hexagonal pattern (¢ = 100). Most importantly in the coarsening dynamics for
the pACON system, it takes very long time (¢ = 300) for all the double-bubbles to
be polarized along the same direction. Here we define the polarity direction as the
direction pointing from the center of the mass of the red component from that of
the yellow component.

For the middle subfigure in Figure 2, we take 711 = 722 = 2000 unchanged
but increase the value of 12 = 421 = 1350. While 711 (722, respectively) can
be understood as the splitting strength for the red component (yellow component,
respectively), y12 = 721 accounts for the splitting strength between red and yellow
components. When 719 = 721 is small (for instance, the top subfigure case), the
splitting strength between red and yellow components is weak, therefore red and
yellow components are adhered together (weak splitting leads to strong adhesion);
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FIGURE 2. (Color online) Coarsening dynamics in ternary system
with various 11 = 722 and 12 = Y211 711 = 722 = 2000 and
Y12 = 721 = 0 (top), 711 = 722 = 2000, and yi12 = 721 = 1350
(middle), y11 = 722 = 10000, and 12 = 21 = 12000 (bottom).
When 152 = 791 is small, a double-bubble hexagonal pattern is
formed, with the same polarity direction. As 15 = 721 becomes
large, double-bubbles are broken, and a perfectly mixed red/yellow
single-bubble square pattern is formed. Even larger v12 = 21 will
further push away the two colors, leading to a complete separation
between red and yellow, each of which has its own hexagonal pat-
tern.

if y12 = 721 is large as presented in the middle subfigure, the splitting strength
between red and yellow components forces them to break (strong splitting leads to
weak adhesion), forming all single bubbles of equal size and equal distance in the
pattern of square lattice.
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The bottom subfigure in Figure 2 is also interesting. In this case, the v15 = 721
becomes much larger (even larger than 11 = 722). Starting from a random initial,
we still observe the quick phase separation. Different from the other two cases in
which the red and yellow components are well mixed, the large 712 = 721 separates
the two colors. In each colored region, single bubbles of equal size and equal distance
are assembled and form hexagonal pattern, similar as the binary case in Figure 1.

5. Concluding remarks. In this paper, we construct second-order stabilized lin-
ear semi-implicit schemes for the pACOK and pACON equations. For both bi-
nary and ternary systems, we consider two types of stabilizers and prove con-
ditional energy stability in the semi-discrete and fully discrete schemes for the
type [¢" T — 2¢™ + ¢"1], and an unconditional energy stability in the other type
(@ — o).

In the numerical simulations, we observe some hexagonal and square patterns
in bubble assemblies by the second-order scheme for pACOK dynamics when one
species has much smaller volume than the other species in the binary system. With
the second-order scheme for pACON dynamics, the repulsion between different
species leads us to various equilibrium types in double bubble assemblies for the
ternary system.

Our future research interests include extending the application of the second
order scheme proposed in this paper to a disk domain with Neumann boundary
condition. This will lead us to the pattern of bubbles, some of which interact
with the domain boundary. Some higher-order schemes such as exponential time
differencing based Runge-Kutta methods are also within our consideration. Another
ongoing work is to consider a general long-range interaction term (not necessarily
the term of (—A)™1), which might result in more interesting patterns.

Acknowledgments. Y. Zhao’s work is supported by a grant from the Simons
Foundation through Grant No. 357963 and NSF grant DMS-2142500.
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