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AN H? CONVERGENCE OF A SECOND-ORDER
CONVEX-SPLITTING, FINITE DIFFERENCE SCHEME FOR THE
THREE-DIMENSIONAL CAHN-HILLIARD EQUATION*

JING GUO', CHENG WANG!, STEVEN M. WISE$, AND XINGYE YUEY

Abstract. In this paper we present an unconditionally solvable and energy stable second order
numerical scheme for the three-dimensional (3D) Cahn—Hilliard (CH) equation. The scheme is a two-
step method based on a second order convex splitting of the physical energy, combined with a centered
difference in space. The equation at the implicit time level is nonlinear but represents the gradients
of a strictly convex function and is thus uniquely solvable, regardless of time step-size. The nonlinear
equation is solved using an efficient nonlinear multigrid method. In addition, a global in time HEL
bound for the numerical solution is derived at the discrete level, and this bound is independent on the
final time. As a consequence, an unconditional convergence (for the time step s in terms of the spatial
grid size h) is established, in a discrete L?(O,T;Hﬁ) norm, for the proposed second order scheme. The
results of numerical experiments are presented and confirm the efficiency and accuracy of the scheme.

Key words. Cahn—Hilliard equation, finite difference, second-order, energy stability, multigrid,
global-in-time H? stability, LS°(0,T; H?) convergence analysis.
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1. Introduction
Suppose that = (0, L,) % (0,Ly) x (0,L.). For any ¢ € H], (), we define an energy
of the form

_ 1y, 1, ¢€ 2
Bo)= [ {30~ 50+ FIvol pax, (11)

where € is a positive constant. See [10] for a detailed derivation of E. The conserved
gradient dynamics on € is given by

Ohp=V-(M(¢)Vp), (1.2)

where M(¢)>0 is a mobility, and we take M(¢)=1 for simplicity. The chemical
potential, u, is defined as

pi=d,E=¢"— ¢~ Ag, (13)

and 04F denotes the variational derivative with respect to ¢. Both the phase field ¢
and the chemical potential, u, are assumed to be Q-periodic. Because the dynamical
equations are of gradient type, it is easy to see that the energy (1.1) is non-increasing
in time along the solution trajectories of (1.2). Equation (1.2) is a mass conservative
equation where the flux is proportional to the gradient of the chemical potential. This,
along with the periodic boundary conditions, ensures that fQ 0 dx=0.
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490 SECOND ORDER SCHEME FOR THE CAHN-HILLIARD EQUATION

The convex-splitting scheme, which was originated by Eyre’s pioneering work [26],
treats the convex terms of p implicitly and the concave terms explicitly, resulting in

¢m+1_¢m:8A'u/m+17 Mm-‘rl = (¢m+1)3_¢m_€2A¢m+1’ (14)

where s>0 is the time step-size. See the related works for the phase field crystal
(PFC) equation [35,48], the modified phase field crystal (MPFC) equation [6, 7,44,
45], epitaxial thin film growth models [12, 14, 41, 43], the Cahn-Hilliard—Hele-Shaw
(CHHS) and related models [13,18,19,30,46]. All these convex splitting schemes have
two important properties: unconditional energy stability and unconditionally unique
solvability. These references describe both first and second order temporal splittings,
the latter being an important extension of Eyre’s general first-order framework. In
particular, numerical experiments [6,7,12,14,33,35,41] have shown a great advantage
of the second order splitting over the standard first order one in terms of numerical
efficiency and accuracy.

In addition to the first order accurate (in time) schemes for the Cahn-Hilliard
equation [3,5,21,23-25,27,29,31,32,34,37-40,47], there have also been extensive research
works deriving and analyzing second order (in time) schemes [4,20,22,31,42]. Among
the existing works, the secant-type algorithm [20,31] is worthy of a detailed discussion.

With the notation ¥(¢):=1¢* —1¢?, the scheme may be formulated as

P —w(gm) <

m+1 _ m _ m+1/2 m41/2 < m+1 m

G g = s SO T T (AT AT, (15)
where again we have taken M =1 for simplicity. A straightforward calculation shows
that this one-step scheme is unconditionally energy stable. In particular, E(¢™"1)+

s||Vum+1/ QHQLQ =E(¢™). However, this scheme is not expected to be unconditionally
uniquely solvable with respect to the size of s (see [20,22,31] for the details.) Lack
of solvability may be problematic, since coarsening studies using the CH equation may
involve very large time scales, requiring potentially very large time steps for efficiency.
Moreover, the scheme does not result as the gradient of a strictly convex function —
in contrast to the first-order convex splitting scheme popularized by Eyre (1.4) and
the second-order convex splitting schemes in [7,35,41]. This point can have significant
implications for solver efficiency.

In this paper, we propose and analyze a new second order convex splitting scheme
for the CH equation (1.2). We will show that our scheme is uniquely solvable, resulting
as the gradient of strictly convex functional, and unconditionally energy stable. We
additionally demonstrate a discrete version of an L>°(0,7; H?) bound of the numerical
solution. (For the discrete norms we use notation of the form L°(0,T;H}), where s
and h are the time and space step-sizes.) We show that this bound can be obtained
independent of the final time 7', remarkably, but dependent polynomially on e~!. With
the help of this global in time L2°(0,7;H?) bound, we also obtain a bound of the
numerical solution in the discrete L2(0,T ;Hf;), the latter of which does depend upon the
final time, 7. We conclude the theoretical analyses, with an L2°(0,T;HZ)NL2(0,T; H})
convergence of the numerical solution, which, to our knowledge, is the first such result of
its kind in this area. It is observed that such a convergence is unconditional (for the time
step s in terms of the spatial grid size h); the nonlinear error estimate is feasible because
of the global in time H? bound for the numerical solution. A cut-off approach for the
numerical solution is not needed in this paper, compared to a few existing works [42].

In Section 2 we define the scheme and present the unique solvability and discrete-
energy stability analyses of the proposed numerical scheme. Leveraging the energy
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stabilities, refined LZ° (O,T;H}%) and L (0,T; L) stabilities of the scheme are proven
in Section 3. In Section 4 we present the primary results of the paper, namely, an
L(0,T;H?)NL2(0,T; H}!) convergence analysis for the scheme. Some 3D numerical
results are presented in Section 5. In the appendices we prove discrete versions of some
standard Sobolev embedding and elliptic regularity results for periodic grid functions.

2. The numerical scheme and its unique solvability and energy stability
First, we introduce the finite difference spatial discretization.

2.1. Discretization of space.  Here we use the notation and results for some
discrete functions and operators from [46,48]. We begin with the definitions of grid
functions and difference operators needed for our discretization of three-dimensional
space. We consider the domain Q=(0,£,) x (0,£,) x (0,£.) and assume that N,, N,
and N, are positive integers such that h=L,/N,=L,/N,=L./N,, for some h>0,
which we refer to as the spatial step-size. For any positive integer N, consider the
following sets

Ev={i-h |i=0,...,N},  Cn:={(i—1/2)-h |i=1,...,N)}, (2.1)
Cx:={(i—1/2)-h | i=0,...,N+1)}. (2.2)

The two points belonging to Cx7\Cn are the so-called ghost points. Define the function
spaces

CQZ:{qﬁ:CﬁwXCﬁyXCﬁz —>R}, ESZZ{QZ):(‘:NmXCNyXCNZ —)R}, (23)
5?2::{¢25NxX5NyXCNZ —)R}, 56::{¢55N$XCNyX5Nz *)R}, (24)
Eo:=EL X EL X £, (2.5)

The functions of Cq are called cell centered functions. In component form, cell-centered
functions are identified via ¢; j 1 :=0(&,§;,8k), where & :=(i—1/2)-h. The functions of
&Y, et cetera, are called edge-centered functions. In component form, edge-centered
functions are identified via fi+%,j7k = f(&it/2,85,Ek), et cetera.

A discrete function ¢ € Cq is said to satisfy periodic boundary conditions if and only
if at the ghost points ¢ satisfies

DN, j k= PO ks PNot1,5,k= D1 ks (2.6)
GiN, k=Pi0k, PiN,+1.6=Pilks (2.7)
®ij,N. =00, PijN.+1=0ij1- (2.8)

Subsequently, the discrete operators, inner products and norms could be defined in
an appropriate way. We introduce the edge-to-center difference operator d,:£3 — Cq,
defined component-wise via

1
dacfi,j,k::E(fiJr%,j,k_f‘—l ) (2.9)

1,
with dy:é’s% —Cq and d.:£5 — Cq formulated analogously. Define V,-: fg —Cq via
V- fi=de f*+dy f'+d. f*, (2.10)

where f=(f2,fY,f*)T. Define A,:Cq— ES component-wise via

1
Az¢z‘+§,j,k1:§(¢i,j,k+¢i+1,j,k)7 (2.11)
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with A,:Co— &Y and A,:Cq— &£ formulated analogously. Define Aj:Co —>é_"Q via,
Apd=(Apd, Ay, A0)" . (2.12)
Define D, :Cq — &5 component-wise via
1
Dx¢¢+%,j,k3:E(¢i+1,j,k*¢z’,j‘,k)~ (2.13)
D, :Cq HES% and D,:Cq — &G are similarly evaluated. Define Vj,:Cq %EQ via

Vié:=(Dad,Dyd,D.0)" . (2.14)
The standard discrete Laplace operator Ay :Cq —Cq is just
App:=Vy-Vyo. (2.15)

We define the following inner products:

L M m
(@0) =03 N i jathi s Y ¢,1 €Ca, (2.16)
i=1j=1k=1
L M m
M}:}j}j Fivsinbictinthioyindioyu)s YV F9€EE  (217)
1=1j=1k=1
[-,~]y and [-,-], can be formulated analogously. For ¢, €Cq, a natural discrete inner
product of their gradients is given by
(Vth VW) [ £¢7 ﬂb]w""‘[DyﬁbaDyiﬂy"’[Dz¢7Dz¢]z~ (2'18)
We also introduce the following norms for cell-centered functions ¢ € C:
1] i=mecx] 4] (219)
1
Iell, ==(¢[",1)7,  1<p<oo. (2:20)

In addition, we define

1

196, = (D26 11, +1Dy6l" 1, + D201 ,11, ) (2:21)

In the case of p=2, it is clear that (V,¢,Vr0)=|Vro|3. In addition, the discrete
||~||H}L, H”Hi and H”Hﬁ norms are defined as

17 = £ 115+ I Vol (2.22)

Wiz = 117 + AT SIS+ ARSIl + 1 A7 615+ | Andll3, (2.23)

£ 130 = 1 £11372 + [ VaAnol3 + || AZ 6 (2.24)

It is observed that, for ¢,1) € Cq satisfying the periodic boundary conditions, the
following summation by parts formulas can be derived:

(6, AnY)) == (V0o Vi), (A7) = (A, Ant)). (2.25)
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2.2. The fully discrete numerical scheme. Let M €Z", and set s:=T/M,
where T is the final time. Our second order convex splitting scheme can be formulated
as follows: for 0 <m < M —1, given ¢™,¢" ! €Cq, find ¢+, +"/2 € Cq periodic such
that

G157 = 5T (M (A ) (2.20)

where
Py (G ) — G 2 A G, (2.27)
X(6 )= 3 (0 0m) (0m4) +(0m)). (2.28)
ém+v2ﬁ:%¢mg,%¢m—g (2.29)
Jrtife %Qstrl n %d,m—l_ (2.30)

We define ¢~ =¢". The local truncation error of this scheme is second-order with
respect to time, provided the time step-size s is invariant and m >1. When m =0, the
truncation error reduces to first-order, but this doesn’t spoil the overall second-order
accuracy of the scheme, as will be shown in later sections.

REMARK 2.1.  We could, alternatively, define a different scheme for the first step.
For example, the following has a second-order in time local truncation error and is also
unconditionally energy stable and unconditionally uniquely solvable (over the single
time step):
¢! —¢° = sV, (M (Ahcgw) thl/2) ; (
2 =x(01,0°) 6 —2Ang ', (
1 2 2

X (916" =7 (0" +¢°) ((6")°+ (")), (2.33)

8=+ SVh- (M (A1) Vir?) (

A 1 1

0= (%) — ¢ —e*Ape”, ¢1/25:§¢1+§¢0- (2.35)

Apart from its increased accuracy, this scheme has some other advantages over the
simpler choice above — i.e., the order reducing assignment ¢! =¢" — as we point out
later. However, the choice ¢~ ! = ¢ simplifies the stability analyses greatly.

Because we use a convex splitting approach, it is easy to prove that the scheme is
uniquely solvable for any time step.

THEOREM 2.2. The second-order scheme (2.26) is uniquely solvable for any time
step-size s >0, and, in particular, the scheme results from the minimization of a strictly
convez functional. Moreover, it is discretely mass conserving, i.e., (gb"”l fgbm,l) =0,
for all0<m<M—1.

We now define a fully discrete energy that is consistent with the continuous space
energy (1.1) as h— 0. In particular, the discrete energy F':Co— R is

NS UTRRS STV I 2
F(8)i= 10114 = 5 1913+ 5 1Vasl3- (2:36)
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As in [46,48], if ¢ €Cq is periodic, then the energies Fc((i)):i”(ﬁHi-i-% ||Vh¢|\§ and
F.(¢)=3% ||¢>||§ are convex. Hence F, as defined in (2.36), admits the convex splitting
F=F,—F,. We can not guarantee that the energy F' is non-increasing in time, but, we
can guarantee the dissipation of another modified energy. To be precise, for all 1, ¢ € Cq,
define an alternate numerical energy via

. 2
F(g):=F(@)+ 7 6~ b 13+ 5 190 (0—w) . (237

Note that this energy is consistent with the continuous space energy (1.1). For example,
suppose that u:Qx[0,7]—R is a sufficiently regular, Q-periodic function. Define —
for our present and future use — the canonical grid projection operator Py : C%(Q) —
Cq via [th] k—v(&,gj,fk) Set up, s :=Ppu(-,to+s). Then, clearly, F(up.o,up,s)—
E(u(-,ty)), as "5 50 and h—0.

THEOREM 2.3. Suppose that ¢™F1 ¢™ o™~ eCq are periodic solutions to (2.26).
The second-order scheme (2.26) is unconditionally energy stable with respect to (2.37),
meaning that for any time step-size s>0 and any 0<m<M —1, ﬁ(qﬁm‘*‘l,(bm)g
F(¢™,¢™=1). More precisely,

2

+R(B.") =F(e",¢" ), (238)

2

F(¢m™ T, ¢™) +5 <Ah¢m+ /z)v mt1/2

where the non-negative remainder term is

~ 2 ~ ~
R(3m)i= 5 [ (307 453

with Ay¢™ := g™+ —2¢™m +¢m=1  and where

]
2

(2.39)

| D™ 2 M (Aaf™ ) Do 2|

T

+[Dut i (4,0 ) Dy
+[Dzuk+1/2 (A ¢m+1/2) m*ﬂ. (2.40)

z

Proof.  The result follows readily by (i) testing (2.26) by p™+7/? and (2.27) by
@™+l — @™ (i) summing over the three-dimensional grid, (iii) adding the respective
equations, and (iv) using the summation-by-parts formulas from Subsection 2.1 together
with the periodic boundary conditions. We omit the details for the sake of brevity. O

From the energy stability — with respect to discrete energy (2.37) — we immediately
obtain the following norm stabilities.

COROLLARY 2.4.  Suppose that € C . (Q), and ¢°:=Pp €Cq. Assume that there
is some Mgy >0 such that M(s) > M, for all s€R. Then with the same hypotheses as
in the last theorem, we have the following stabilities

2 m
19861307503 = , max, [Va™ [3<C, (2.41)
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2 mi2
1012 2 0 1.0y =, s ™3 <Con (2.42)

2 mi|2
1912 0,711z ==, e, 6™ 3y < Cs, (2.43)

, M—-1 5
IVaelzomnz) =5 > th“m+1/2 , <0 (2.44)
m=0
where C4,...,Cy are positive constants independent of h, s, and T'.
Proof. By consistency,

F(6°) < B()+C = Cy, (2.45)

where C' > 0 is a constant that is independent of h. By the last theorem and the definition
of the numerical energy (2.37), for any 1 <m <M, we have

F(¢™) < F(™ g™ < < F(¢°, 671 =F(¢°) < Co, (2.46)
where we have used ¢! =¢". Now, we use the fact that, for any ¢ €Cq,
1 2 62 2
L 10l+ S 19012 191 < F(6), (2.47)

to arrive at the norm stabilities (2.41)—(2.43). Summing (2.38) and using the positivity
of the mobility and the non-negativity of the remainder term, we have

M—-1
F(@M, 0 1) +5Mo Y [[Wnpmte z <F(¢%671) <o, (2.48)
m=0

from which we obtain (2.44). O

REMARK 2.5. The mobility function M(-) may be truly degenerate in certain physical
models, i.e., M(-)>0 with M(¢)=0 for certain values of ¢. The uniform in time
L°(0,T; H}) stability estimates (2.41), (2.43) and the L°(0,T;L}) estimate (2.42) are
still valid in this case. On the other hand, it is observed that the L2(0,7;L?) estimate
(2.44) for Vjpu has to be derived under a non-degenerate condition for the mobility
function: M(¢)> Mg >0 at a point-wise level, for some positive number M.

3. L2 (0,T;H}) and L (0,T;L;°) stabilities of the scheme

We note that the LS°(0,7; H}!) stability of the scheme obtained in the last section is
not sufficient to recover an L$° (0,7 L7°) bound of the numerical solution. We need an
L°(0,T;H?) bound to obtain point-wise control of the numerical approximation, and
this is the goal of the present section. The following estimates are crucial to deriving
the L°(0,T;H }%) stability and convergence analyses in this and later sections.

The proofs of the following estimates are contained in Section B.

LEMMA 3.1. Suppose that ¢ €Cq. If ¢ and Ap¢ are periodic, as defined in (2.6)—(2.8),
then we have
612z < Cs (16115 [ 826115 + 1161y ) (3.1)
161l 72 < Ce (191l5 + [ Andll,), (3:2)
161123 < Cr (I8l + (| A7 ,) (3.3)
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6=l 5 < Cs 1 2nll,. (3.4)
19lloc < Co 1l (3.5)
19110 < C1o (6 [ 43015 + 1111 ) (3.6)

1900l <Cra 9], 153615 (3.7

I9h6ll4 < Cz 1] (3.8)
[ARoll, <Cis||AZ4|, (3.9)

where C; >0, 5 <i <13, are constants independent of h, and ¢ := % (¢,1) is the discrete
average.

THEOREM 3.2.  For simplicity, suppose that M(s)=1. Assume that the hypotheses of
Theorem 2.8 and Corollary 2.4 hold. Then, if s <176CTs/15:2 we have

2
H¢||L§°(O,T;H}2L) ::0<m <XMH¢ HH2 <Cia, (3.10)
2 m)2
H¢||L§(O,T;H;4L) =S Z ¢ ||H;L <Ci5(T+1), (3.11)
m=1

where C14,C15 >0 are constants independent of h, s, and T'.

Proof.  Since M =1, the scheme (2.26) may be written as
g = s (X(97H ) = G 2 ), (312)
Taking the discrete inner product with (3.12) by AZ¢™*! gives
(™ +1 — g™ A2p™H) 45 (A%qﬁm-i-l?Ahém-‘rlh)
s (ARG Anx(7 Y 6) + 2% (AT, A G ) <o, (3.13)
An application of summation-by-parts using periodic boundary conditions yields
(0™ H =™ AR ™) = (An(¢™ T — ™), ™)
= 5 (1208 3= 1806 12) + 5 | An (™ =™ 3. (3.19)
For the concave diffusion term, we have

~ ~ 2
(om0 ) a3t [

m 2 9 m 1 m—1112
<alAZem [+ oo 1Ane™ o4 g | Ane™ . (3.15)

for any ao>0. Meanwhile, the quantities ||Ah¢m|\§, Appm—t HZ can be controlled by

(3.16)

27

2 1 2
I e P I = Sl DN

for any a>0, for £=m,m—1. A combination of (3.15) and (3.16) shows that
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2

_ (Ai¢m+1’Ahq§m+l/2) SOZHA%L(ZS"H_IHE HA ¢m||2 (317)
- m—1 503
||A o™ Y5+ o5 (3.18)

which holds for any a > 0.
The bi-harmonic diffusion term can be analyzed as follows:

(Ai¢m+aAz¢m+Vﬂ::§HA2¢m+w3 1 (At 8797
> | agem - *( |a7em 5+ HAW“Hi)
>2 a7 ¢m“!|2—fHAi¢m 5. (3.19)
Regarding the nonlinear term, we begin with the following inequality:
(AR Apx(0™ T 0™)) < [|ARS™ T, - [|Anx (8™ F 0™, (3.20)

The rest work is focused on obtaining a useful estimate for HAhx(qu“,qu) H2 Detailed
expansions and several applications of the discrete Holder inequality yields

1AR(fgh)ll SC(IIfHoo Nllo - Al 2 + 1 lloo - 1l oo - gl 2
Hlglloo Mlloe - I ez + 1 lloo -1V Rl o - VAl

+||9||oo'||Vhf||oo'||th||2+||h||oo'||Vhf||oo'||Vh9||2)~ (3:21)
An expansion of y(¢™*1,¢™), combined with the last inequality, results in

|Anx (™0™,
<O (|6 o +19™ o) - (1786™ g 19067 1) - (6™ gy + 16713

+ (o + 18 12) - (1674 gy + 1™ Lz )
<Cus ([ o +116™lle) - ([Vre™ | o +1VRe™ 1)
+Crz (o 12+ 8™ 12 ) - (1167 g +116™ Lz ) (3.22)
where Ci4,C17 >0 are constants. The uniform in time H} estimate (2.43), combined

with the 3D discrete Sobolev inequality (3.1), and the discrete Gagliardo—Nirenberg
type inequalities (3.6) and (3.7), yields

160 2 < s (164115 1836713 + 11641y ) < C5 (- [1A30 3+ ),
!WH<GJW%MM#M+WMJ<GJGWM%M+f) (3.24)

1926 <Cu 114 83012 <cucd - azer)

(3.23)

(3.25)

2

for £=m,m+1. Going back to (3.22), we arrive at
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[2rx (™6™,
<Cus ([[ A7 5+ [[A76™15) + Cuo (167674 [ + |1 a7 1)

CQO(HA ¢m+1|\2+y|A o™||2 >+021, (3.26)

where Cig,...,C51 >0 are constants that depend upon C3, Cs5, C1g, C11, C16, and Cy7.
The combination of this last estimate with (3.20) leads to

(A" Apx (6™, 6™))

<018(HA2¢>’”“||2+||A2¢>m“||2 |AaRe™ )
+Cro (|| AZ6m |3 +[|AZ6m |, AZo™})
+Czo-(||Ai¢’"“||§+|!A%¢m“l|2-HA%¢mII§)+021HA2¢’”“||2

< Coa(a)+a(|[a2e™ 3+ [ A26™3) (3.27)

for all a>0, where Cs5 >0 depends upon « and Cig,...,Chy.
A combination of (3.13), (3.14), (3.18), (3.19) and (3.27) results in

5
g™ 2= hangm 3+ (2 — o) s | AFgm

<177as||A ¢m||2 ( ) | A2 g™ IH2 (2022(04)4—;?;)5. (3.28)

Choosing o= -=¢? fixes Uy and yields

165

172

|8ng™ |, =l Ane™ 5+ [ A76™ |, < =

(At [+ ][A36m12) + Cans.
(3.29)

where C3 >0 is a constant. Now, addlng HA o H2 to both sides of the last inequal-
ity gives

753

| Ang™ |, 45| AF ™|+ - AR,
452 172

<l ang™ 3+ = [ ARe™ 5+ =5 SHA%’" !J5+ Cass. (3.30)

We define the “energy”
45¢2 172

G = | Ang™ 3+ = [ARe™ o+~ AR 5. (3.31)
Then, it follows that

i B g2 B s com o oms. (332)
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Meanwhile, using estimate (3.9), we have

S I e IN P
—*HAQWHZWHA%WHQ I e IN P
_16 S late™ G+ qogr lawe™ ””HA o+ ””HA o
ot e { w8 g 4 M g7}
_16 a2 16;{HA o3+ B2 g o S g}
HA ™|+ 1602 G" (3.33)
provided that

Note that the condition in (3.34) is very easily satisfied, as the bound on the right-hand
side will typically be greater than 1. As a result, we arrive at

(1—|— ]_602 ) Gm-i—l +7 HAQ(bm—HH < Gm+0238 (335)

Applying an induction argument with the last estimate, we find

628 m—+1 " c S’m—i—l o m e2s 7
<1+1602) am +EZHA dl.<a +02382<1+16C ) . (3:36)

J
2 —(m+1) S g -0 (1“!‘ z )
14— ) GO 4 Oy~ madi1

e2s m+l
(1+53)"

(3.37)

In particular, we have

2
A s e D
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using ¢ 1 =¢" and the fact that G° is bounded independently of h by consistency.
Observe that Cy; is independent of h and the final time 7. An application of the
discrete elliptic regularity (3.2) leads to the following result:

167 1772 < C& (6™ [l + | 8n¢™ [l5)* =: 265 Coq =: Cu, (3.39)

where C4 is independent of s, h, and T. To finish up, summing (3.29) from m =0 to
m=M —1, we have

M M—
I S SIS S A
M—2
178 s 3 A3 +CosT. (3.40)
=—1
Hence,
155 S 3175
Jana s+ =3 [|A%6 | < CanT+ [ And® 3+ = s A3 (3.41)
=1

Estimate (3.11) now follows by consistency, the stability estimate (2.43), and the discrete
elliptic regularity result (3.3). ]

REMARK 3.3. We observe that a global in time H,QL bound of the numerical approxi-
mation ¢ has been obtained. Indeed, a more detailed examination of (3.37) reveals an
asymptotic decay of the contribution coming from the term G, which is essentially the
H? norm of the initial data ¢°. In addition, the growth of the L2(0,T;H}!) norm of
the numerical solution is, at worst, linear in time; no exponential growth occurs. These
remarkable estimates will be important to the error analysis to follow.

Using our discrete Sobolev inequalities, we immediately get the following;:

COROLLARY 3.4.  With the same hypotheses as in the last theorem, we immediately
have

16" loo < Collo™ 5z <Cov/Cras  [Vie™ [ <Cr2ll¢™ [ gz <Crav/Cray (3.42)

for any 1<m < M. We also note that, the constants Cy, C12, and C14 are independents
on h, s and the final time T. Regarding their dependence on e, we observe that Cy
and Cyy are e-independent, while Ch4 depends polynomially on e~'. At worst, Ciy=
O(g=™0), where mgo=26.

REMARK 3.5. The reader will observe that the |||, bound for the numerical solution,
namely Co+/C1y4 in (3.42), is final time independent. There have been limited theoretical
works to derive an L*> bound of the numerical solution for the Cahn—Hilliard equation;
see [5] for the analysis of a first-order numerical scheme applied to the CH equation
with a logarithmic energy. On the other hand, for a second-order scheme for the CH
model with a nonlinear polynomial energy, our ||-||, estimate (3.42) is the first such
result, to the authors’ knowledge.

REMARK 3.6. The global-in-time |[|-[| bound, Cyy/C14 in (3.42), depends singularly
on ¢, specifically, Cg\/C14=0(¢713). Meanwhile, a well-known theoretical analysis
presented by L. Caffareilli [9] gives an e-independent L* bound for the CH equation,
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at the PDE level, provided that a cut-off is applied to the energy. For the standard CH
energy (1.1), in which the polynomial part is given by %gf)‘* — %cf)Q without a cut-off, the
availability of an e-independent L°° bound of the solution is still an open problem, at
both the PDE and numerical levels.

REMARK 3.7.  We note that, the second order (in time) numerical approximation
to the linear bi-harmonic term, namely, %(bmﬂ + icﬁm_l, is different from the standard
Crank—Nicholson time stepping. In fact, a detailed analysis shows that, with the Crank—
Nicholson temporal discretization applied to the linear bi-harmonic term, the unique
solvability and unconditional energy stability are still valid for the resulting numerical
scheme. However, an essential difficulty with Crank—Nicholson arises in the H }QL stability
estimate and the convergence analysis, due to the lack of diffusion power at time-step
tm+1 .

This subtle fact could also be explained by a linear stability domain argument. The
temporal discretization applied to the linear bi-harmonic term, proposed in this paper,
corresponds a much larger stability domain than the standard Crank—Nicholson one.
In more detail, the stability domain for the Crank—Nicholson scheme is exactly the left
half complex plane: {z:Re(z) <0}, while that for the proposed time stepping (in this
paper) contains a large part on the right complex plane. In particular, if the nonlinear
terms are involved, we believe that the proposed time stepping would bring a great deal
of convenience in the stability and convergence analysis.

REMARK 3.8. The inequalities in Lemma 3.1 provide the elliptic regularity and the
Sobolev embedding at the discrete level, which are required in the nonlinear analysis.
Since the finite difference scheme defines the numerical solution on the collocation grid
points, these inequalities can not be derived by a direct calculation. Instead, we have to
establish a functional equivalence between the discrete and continuous norms, and apply
the elliptic regularity and Sobolev embedding in the continuous functional space, so that
these discrete inequalities are valid; see the details in Section B. Some related discussions
could be found in the earlier works of mimetic difference methods (see [8, 11, 36], for
example).

REMARK 3.9. Other than the standard second order centered difference approxima-
tion, other spatial discretizations with higher order accuracy could be applied to the
proposed second order convex splitting scheme, with the numerical stability and conver-
gence analysis expected to be available. For example, Fourier pseudo-spectral scheme
could greatly improve the spatial accuracy, and the discrete Sobolev inequalities could
be proven in a similar manner, so that a uniform in time H? bound is valid for the
fully discrete numerical solution. As another example, the finite element approximation
(with different polynomial degree order) could be chosen as the spatial discretization,
and the discrete version of the Sobolev inequalities could be established in a modified
way. These higher order approaches will be considered in our future works.

4. L (0,T;H}) and L (0,T;L5°) convergence analysis of the scheme
For simplicity, we assume that M(-)=1. By ¢, we denote the exact solution to the
original Cahn-Hilliard equation (1.2) with the initial data ¢c(-,t=0)=1v € C3,,.(9). We
assume that the exact solution has certain regularities. First we define the regularity
class
Ri:= H® (07T7 Cger(Q)) N H? (O7T7 Céer(Q))

NW2%°(0,T;C2,.(Q))NL>(0,T;C%. (). (4.1)

per per
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For the error analysis over the first time-step, we will also need to assume additional
regularity for a short time. For some 0<T™* <T to be defined later, we define the
enhanced regularity class

Ra:=C3([0,77]; Cper(2)) N C*([0,T7]: O (2))
NC* ([0, T Coer (NNCO(10,T7); Cper (). (4.2)

We assume that ¢, € R:=R1NRs.

THEOREM 4.1.  Given initial data 1 € per(Q), suppose the unique solution ¢.(x,y,z,t)
for the Cahn—Hilliard equation (1.2), with M(¢) =1, is of reqularity class R. Set ®™ :=

Phoe(-,m-s), for all 0<m<M, and @=L =°. Define the error grid function ¢

@f,j’kfgbf’j’k, where qﬁi,j’k €Cq is the Lth periodic solution of the second order scheme

(3.12). Then, provided s is sufficiently small, for all positive integers ¢, such that s-{<
T, we have

’L]k:

Z HA ¢’”H <C(s2+n?)%, (4.3)

where C=C(e,T) >0 is independent of s and h.

The convergence analysis is carried out in three steps. First, in Section 4.1, we
obtain an equation for the error function using a standard consistency analysis. In
Section 4.2 we provide an estimate for the nonlinear error term. Finally, the stability
and optimal rate error estimate is given by Section 4.3.

4.1. Consistency analysis and error equations. Detailed Taylor expansions
for the exact solution shows that the grid function @, which represents the exact solution,
satisfies the second order numerical scheme (3.12) with a truncation error: for 0 <m <
M —1 we have

et gm 3 1
N — m+1l gm\_ (Zgdm _ —gm—1
: Ah(x@ o) (e et
1
A ( ol 4<pm1))+7m+1/2, (4.4)

where 7™1"/2€(Cq is the local truncation error grid function. The truncation error
satisfies

M—-1

H7'm+1/2 (S —|—h )Bm+1/2a S Z ﬁ€+1/2 <025, (45)

where s-M =T, and Cy5 is independent of A and s. The details are suppressed for
brevity of presentation. The local truncation error is, however, only first-order accurate
at the first time step. Using the increased regularity in the short-time frame, Taylor
expansions reveal that

e

< (s+h*)Byse, (4.6)

where 31/, is bounded uniformly as s — 0.
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Subtracting (4.4) from the numerical scheme (3.12) yields

Im+1 _ Im
¢ ¢

S

= (@m0 (o om) - (Gam - 36

3. o
2 2 Im+1 m-+1/2
€ A;L(4¢ oM ))—H’ , (4.7)

L lgm
4
for all 0 <m <M —1. Observe that (;USO = 45*1 =0, based on our constructions.

REMARK 4.2. The Taylor expansion based on the regularity assumption (4.1) is
straightforward. On the other hand, we remark that this assumption does not represent
the optimal regularity requirement for the exact solution. For example, a reduced
regularity assumption

¢€€H3(0 T Cger( ))0H2(0 T ngr(Q))
AW2=(0,T; H>,,.(Q))NL>¥(0,T; H (), (4.8)

per per

is sufficient for the L2(0,7%;L?) bound of the local truncation error 7 in (4.5). In this
case, the consistency analysis would be similar to that described in [7,45]. The details
are skipped in this paper for simplicity of presentation.

4.2. Preliminary estimates for the nonlinear error term. First, we prove
a stability estimate for the discrete H? norm of the error function.

LEMMA 4.3.  Given initial data ¢ € C;. (Q), suppose the unique exact solution ¢, for
the Cahn—Hilliard equation (1.2), with M(¢)=1, is of regularity class R. Then, for
any 1<m<M,

=]+, »

Proof. 'We observe the fact that
|-
:’w—mrl Pe (@t dw—( -1~ 1/ Pe(@;to)d )‘
Q

<’<I>m—|Q|‘1 be(T,ty,)dx| + —|Q|-1/ de(x,t0)dz| <Ch?,  (4.10)
Q Q

owing to consistency. Here the overline refers only to the discrete average. As a result,
the estimate (4.9) follows from the discrete elliptic regularity (3.4). 0

In addition, a control of the error related to the nonlinear term in the second order
scheme is needed in the convergence analysis.

LEMMA 4.4.  Suppose O™, O™+ o™ ¢+ eCq are periodic. Denote the differences
by ¢f =0 — ¢, for t=m,m~+1. Then we have

180 (c (@™, @™) =x (6" 9™)) |

< (Jom] 5], )+ ks ) (o))
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ek ([Fume ] g+ it (e o)}

where Cag 1s a positive constant which is independent of h, and

Ky =07 | 4127 [+ ™| o + 116"l -

Ko :=||AF Q™|+ A7 || + || AL ™| +[|AL ™|
+|Azem | +1ARe™ |

Ka:=|¢™ ] o +116™ 1z

Kyo=|[Vi®™ | 4 IVa®™ [, 4[| Vo™ |, + 1Vae™ |

Ks = [ Va@™ |+ Vi®™| - (4.12)

REMARK 4.5. A similar nonlinear error estimate has been established in the recent
article [7], where an LS°(0,T;H}) convergence analysis for the second order numerical
scheme for the modified phase field crystal (MPFC) model is undertaken in 2D. The
present lemma represents an extension to the 3D case. Since the details are quite similar,
we have omitted the proof.

LEMMA 4.6.  Given sufficiently regular initial data v € HJ, (), suppose the unique
solution ¢e(x,y,z,t) for the Cahn—Hilliard equation (1.2), with M(¢) =1, is of reqularity
class R. Then, for any 1<m <M,

0 (e(@71,07) —x (674,67 | < |41

H,3+H5kHH§>’ (4.13)

where Cy7 >0 is a constant that is independent of h and s.

Proof.  The regularity assumptions for the exact solution (4.1) implies that, for
any 1<m< M,

197 |y 2,00 < Cas, (4.14)

where the norm above denotes a discrete W2° norm of ®™, i.e., the maximum norm
of @™ and all of its finite differences up to and including the second order ones. Con-
sequently,

K, K4 <C(Cog+Cyy/Ci14+Cr12y/C1a), K3, K5<CCo, K3<Cy/Ciy. (4.15)

Using these estimates, combined with (4.11) and the discrete Sobolev inequalities (3.6)
and (3.8), we get the result. O

COROLLARY 4.7.  Given initial data @[JECéer(Q), suppose the unique solution ¢. for
the Cahn—Hilliard equation (1.2), with M(¢)=1, is of regularity class R. Then, for
any 1<m<M,

871 0) 7 (0 ).
(4.16)
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4.3. Stability analysis for the error: proof of Theorem 4.1. In this
section we prove Theorem 4.1.

Proof.  Taking the inner product with the error equation (4.4) by A2¢™+1 and
using summation-by-parts, we have

1 Tm-+1 2 im 2 1 Tm—+1 im 2
3 ([2n8m = Jandm], ) + 5 ant@mrt—am

2

< 3 1o,._ im 3vm 1um—
:_S<A%¢m+17Ah(2¢m_2¢m 1)>—€2S(A}21¢ +1’A%<4¢ +1+Z¢ 1>)

+s (A}Zlqum-l-l’Ah (X ((bm+17q)m) —x (¢m+1,¢m>)) +s (A}%J)m—H,Tm—H/Q) ) (417)

Notice that (;VSO = quﬁ_l =0. We need to analyze the error at the first time step separately,
since the local truncation error is only first-order in time. Setting m =0 and using the
Cauchy-Schwartz and Young’s inequalities, we have

s+ 5ot
:s< ¢1 Ah( (cpl %)~ x(61,6")) ) +5 (235", 7)
K(@,8) < x (61,6%) [, 5 (806, 207)
SsCMCwHAm \L(!Aw‘lH 02 ) a5 anr

2sh*C32,0%,
3e2

<s

2
2

+(325+52014C’27) HA ¢1H Lo HAW;1HZ+$2HA}LT1/2

L (418)

Hence,

3e2s w12 2sh*C?,C3
( 3201240227) HA?ﬁblH? <2t 8,87 (24 RY), (4.19)

5 H 8 3e2

where, recall, 0 <./, is bounded uniformly as s —0. Now, provided the time step-size
satisfies
2

o= 4C7,C3; v (4.20)

then it follows that
o2 2 o2
HAhqﬁl‘ L+ = HAMHQ < Cnoe™2 (2 +12)°, (4.21)
where Csg >0 is independent of s, h, €, and T

Now we go back to the typical case, where 1 <m < M in (4.17). The term associated
with the local truncation error can be bounded in the standard way:

(Tm+l/2’A%l$m+1) < 0(52+h2)ﬂm+1/2~

’A%q\ngrl H
2
- 2 e 2 Ym1||?
<Ce (8 + 1252 ), §HAh¢ H2 (4.22)
For the concave diffusion error term we have

o 3. 1. 52 o 2 1 o2 o 2
(A2 k41 Sk a1 < H 2 k+1‘ H k:H H k71H '
(Ah¢ 7Ah(2¢ 2¢ )) =g Ah¢ ‘ + 22 9 Ah¢ 2+ Ah¢ 5
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(4.23)

The analysis for the bi-harmonic diffusion error term follows that of (3.19):
5 y 2 1 y 2 y 3. 1.
2|Ia2 m+1” 1 HAz m71H < [ AZgm+1 A2 (7 m+l, L mfl) ' 4,94
8” e , 8 e - RO AL 4¢ +4¢ (4.24)

The term associated with the nonlinear error can be analyzed as follows: using
estimates (4.13), (4.9), for any 1<m <M,

(A%(bm—i-l’Ah (X ((I)m+17®m) —x (¢m+1’¢m)))
<[ ARl [|An (x (@™, 0™) =x (6™, 0™))

<cuaiem, ( )

<C14Co7 ||A%¢m+1H2 (HAhémHHQ—F HAthSmH2—|—2h2)

e
Hj

%HAQ m+1Hz+C3o€ (HAhé’”+1Hz+HAhémHzM‘*)7 (4.25)

where C3g >0 is independent of s, h, and ¢.
A combination of (4.17), (4.22), (4.23), (4.24) and (4.25) leads to

v o i oo

2

<t Jans o s ) o 7
(4.26)

for any 1 <m <M —1, where C31,C35 >0 are independent of s, h, and €. Summing from
m=1tom={—1, with 1 </< M, and rearranging terms, we have

2 ¢ 2
€ 2 im
T2 [aden],

<3Cs1e~ sZHAh¢ H + O30 2 (s> +h)? (Cos +T) —|—HA ¢ H + — HA e H

o2
[+

o 2
< 30315728 Z HAhQSm H2 +033(T+ 1)672(82 +h2)2, (427)
m=1

where C33:=max(C55C55+ Cag,C32). Note, we have used (4.21) in the last step, as-
suming s < sj. If the step-size additionally satisfies

52

<
o= 403,

=:55, (4.28)

then it follows that

[ #2263 a2 < 1200025 3 || +4cmse 22120 (429
m=1 m=1
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Invoking the Discrete Gronwall Lemma A.1, we have

2 ¢ L2
HAMM ‘2%252 HA%@’“HZ <A4C53(T+1)e 2exp (120527 2T) (s2+ h2)%,  (4.30)
n=1
provided that s <min(s},s5). The proof of Theorem 4.1 is complete. O

REMARK 4.8. The convergence constant appearing in (4.30) is independent of s and h.
Of course this constant does depend on the final time 7" and on the interface parameter
. Indeed, our detailed calculation reveals its dependence on exp (E*QT), which comes
from the application of discrete Gronwall inequality in the convergence analysis.

There have been some existing works on the improved convergence constant for
the CH equation (1.2). Specifically, Feng and Prohl [29] proved — for a first-order in
time, fully discrete finite element scheme — that the convergence constant is of order
O(e“Te=m0) for some positive integer my and a constant C independent on &, in-
stead of the singularly e-dependent exponential growth predicted here. Such an elegant
improvement was based on a subtle spectrum analysis for the linearized Cahn—Hilliard
operator (with certain given structure assumptions of the solution), provided in earlier
literatures [1,2,15-17].

These numerical analysis techniques have been recently applied to the convergence
of a first-order in time convex splitting scheme for the Allen—-Cahn equation by Feng
and Li [28]. The authors used a discontinuous Galerkin discretization of space. These
techniques may also be applied to analyze our second order convex splitting scheme
(3.12). On the other hand, such an analysis is expected be highly non-trivial, due to
the complicated form of the nonlinear error terms. This issue will be explored in the
future work.

REMARK 4.9. The unconditional convergence is proven in the sense that the constant
in (4.30) is independent on s and h. Meanwhile, there are two restriction conditions
for the time step, namely (4.20) and (4.28), for the estimates to hold. A more careful
analysis shows that, these two conditions correspond to a bound of s < C*s %0, with kg
an integer and C* independent of the final time 7" and e.

Our various numerical experiments indicates that, these restriction condition comes
from certain technical difficulties in the theoretical analysis, and this severe restriction
is not needed in the practical numerical simulation. A further theoretical improvement
of these two restriction conditions is possible, and it is left to interested readers.

In addition, we observe that another restriction condition, namely s <176C7;/45:2,
is needed in the uniform in time H E stability estimate, established in Theorem 3.2.
However, we note that this condition is trivial for small £, and it will not pose a numerical
challenge in the practical computations.

REMARK 4.10.  For the second order numerical scheme (2.26) combined with the
trivial initial extrapolation formula ¢~!=¢°, the first time step is first order accurate
while the rest time steps are of second order accuracy. This leads to an additional
time step restriction (4.20), which is needed to assure the second order convergence
at the first step. Meanwhile, an alternate initialization (2.31)—(2.35) was presented in
Remark 2.1, which turns out to be the second order accurate at the first time step.
As a result, for this alternate approach, we only need the second time step restriction
condition (4.28) to assure the convergence analysis, and the first restriction (4.20) could
be dropped, since the second order convergence at the first step could be derived by a
direct Taylor expansion.
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Similar to the last remark, the trivial time step condition, s <176Ci3/45:2, is also
needed in the uniform in time H }% bound in Theorem 3.2, since the derivation of this
condition is independent on the initialization. Again, this condition is easily satisfied
for small e, and it does not pose any practical challenge.

5. Numerical results

5.1. Numerical accuracy check. In this subsection we perform a numerical
accuracy check for the unconditionally energy stable, fully discrete, second order scheme
(3.12). The computational domain is set to be Q= (0,L)?, with L=3.2, and the exact
profile for the phase variable is set to be

¢e(x,y,2,t) =cos(2mx /L) cos(2my/L)cos(2mz/ L) cos(t). (5.1)

To make ¢, satisfy the original PDE (1.2), we have to add an artificial, time-dependent
forcing term. The proposed second order scheme (3.12) (with centered difference ap-
proximation in space) is implemented via an efficient nonlinear multigrid solver. The
details of the nonlinear multigrid solver are similar to those of the solvers for the phase-
field crystal equation given in [6,35] and the CHHS equation [46]. We compute solutions
with grid sizes N =16 to N =96 in increments of 8, where N := N, =N, =N, — and we
solve up to the final time T'=1.0. The errors are reported at this final time only. The
interface parameter is given by €=0.5. The time step s is determined by the linear
refinement path s=0.5h, where h is the spatial grid size. Figure 5.1 shows the discrete
L? and H? norms of the errors between the numerical and exact solutions. A clear
second order accuracy is observed.

* HZnom
O Znorm

0°F

Numerical errors.

N

Fia. 5.1. Discrete Li and H,QL numerical errors for ¢ at T=1.0, plotted versus N =16:8:96, the
number of spatial grid point, for the fully discrete scheme (3.12). €=0.5. The time step-size is taken
as s= %h. The slope for the linear least squares fit for the Li errors is -2.00405, that for the HEL
errors is -2.0047}.

5.2. 3D spinodal decomposition and 3D multigrid solver efficiency. In
this subsection we present a numerical simulation with random initial data on a square
domain Q= (0,L)3, with L=3.2 and N := N, =N, =N,. In particular, we take (b?_’j’k =
Mi ks 1 <1,5,k <N, where n; 1 is a spatially random number uniformly distributed on
the interval —0.05<mn; ;1 <0.05. The interface parameter is set to be €¢=0.05. The
spatial resolution is given by h=0.05=L/64. In Figure 5.2 we present the isosurface
plots of =0 at the intermediate time ¢=20.0 and the final time ¢t=T=110. These
plots are based on the numerical simulation with the time step s=0.001. The dynamics
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show a clear coarsening behavior, which is the hallmark of the late stages of spinodal
decomposition. As a side note, we typically observe that the energy (2.36) is decreasing
during the simulation, using three different time step-sizes: s=0.01, s=0.005, and
$=0.001; see the energy plot (vs. time) in Figure 5.3. Keep in mind that only the
alternate numerical energy (2.37) is guaranteed to decrease at each time step.

time = 20 time = 110

Fia. 5.2. Isosurface plots of ¢ =0 at the indicated times. These snapshots are from a simulation
of spinodal decomposition, where the initial state is a random perturbation of the state ¢=0. The
parameters for the simulation are as follows: L=3.2; N=64; e=0.05; h=0.05=3.2/64; s=0.001.

Numerical energy plot of time step:0.001,0.005,0.01

s=1e-3
— + — s=5e-3
0.05- . B *+ - s=1e-2[

Numerical energy

0 20 40 60 80 100 120
Time

Fic. 5.3. Time history of the alternate energy (2.37) of the numerical simulation, using three
different time step-sizes: s=0.01, s=0.005 and s=0.001.

We conclude the subsection with a test that demonstrates the efficiency of the
multigrid solver. The parameters for the test are similar to those for the spinodal
decomposition simulation above: L=3.2; ¢=0.05; h=3.2/N; s=0.001. We use random
initial data and vary the spatial resolution using the values N =32,64,96,128. The
convergence rates of the solver are reported in Figure 5.4 after precisely 10 time steps,
or, in other words, at the time ¢t=10-s=0.01. Using the smoothing parameter A =2,
we observe that the rate of decrease of the residual, and therefore the error as well, is
nearly constant, and nearly h independent. This implies that, essentially, the amount
of work required to yield a predefined error tolerance depends only on the number of
degrees of freedom. Roughly speaking, only 5 v-cycle iterations are required to yield an
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-4

——&— h=3.2/32

— + —h=3.2/64
«  h=3.2/96 ||
b h=3.2/128

Scaled 2-norm of the Residual

Multigrid V-cycle Iterations

Fic. 5.4. Nonlinear multigrid v-cycle convergence rates. The stopping tolerance for the multigrid
solver in T=10"2. For A\=2 pre- and post-smoothing steps we observe a nearly h-independent conver-
gence rate of the solver. The parameters for the simulation are as follows: L=3.2; N =232,64,96,128;
e=0.05; h=3.2/N; s=0.001. The convergence rates are reported after precisely 10 time steps, or, in
other words, at the time t=20-s=0.01.

error tolerance of 7=10"2.

Appendix A. Discrete Gronwall inequality. We use the following discrete
Gronwall inequality in the proof of Theorem 4.1:
LEMMA A.1l.  Fiz T>0, and suppose {am}i\g:l, {bm}i\g:l and {cm}%;ll are non-
negative sequences such that szz_ll ™ < (4, where Cy is independent of 7 and M,
with MT="T. Suppose that, for all >0,

M M—1
aM+Tme§CQ+TZamcm, (A.1)
m=1 m=1
where Cy >0 is a constant independent of T and M. Then, for all T>0,
M M—1
aM 471 Z b <Chexp| T Z ™ | <Cyexp(Ch). (A.2)
m=1 m=1

Note that the sum on the right-hand side of (A.1) must be explicit.

Appendix B. Proof of Lemma 3.1. For simplicity of presentation, we assume
Ny=Ny=N.=:N is odd and L,=L,=L.=:L. The general case can be analyzed in
a similar manner to what follows but with a few more technical details involved.

Proof. Denote N=2K +1. Due to the periodic boundary conditions for ¢ and its
cell-centered representation, it has a corresponding discrete Fourier transformation:

K

¢i,j,k _ Z g%é\fmJLGQ‘fri(Zavi+myj+nzk)/L’ (B].)
{mn=—K

where z;=(i—%)h, yj=(j—%)h, zr=(k—3%)h, and qgévmn are coefficients. Then we
make its extension to a continuous function:

K

¢F (x,y,z) _ Z qgé\’fm’neQTri(éw-i-my-i-nz)/L' (B2)
Lmn=—K
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Parseval’s identity (at both the discrete and continuous levels) implies that
K

N
Z |¢)1l’7j1k: ?=N? Z |¢é\fm,n|27 (B3)
i,7,k=1 Lmn=—K
K
9 N
lorlzz=L> D 16%mnl® (B.4)

{mn=—K

Based on the fact that h/N = L, this in turn results in

K

ol =l¢rlz==L> > 16mnl* (B.5)

Lmn=—K

For the comparison between the discrete and continuous gradient, we start with the
following Fourier expansions:

Pit1,5,k = Pisjk
(Dw¢)i+1/2,j,k = e TLIE

h
K
S S T
Lmn=—K
K
O, 0F (x,y,z) = Z Vé¢é\’fm’ne2m(€a:+my+nz)/L’ (B.?)
{mn=—K
with
2sin {7k 207
,LL[:_TL7 V[:_T. (B8)
In turn, an application of Parseval’s identity yields
1 K
5 .
||Dx¢|‘2:§L3 Z ‘M5|2|¢é\,]'rn,n|27 (Bg)
{mn=—K
1 K
[0:0pllza =g 2% D0 el16fmnl” (B-10)
{mn=—K

The comparison of Fourier eigenvalues between |ue| and |vp| shows that
2
—|ve| < |pe| <|ve], for —K<L<K. (B.11)
™
This indicates that
2
—10:0Fll 2 <1 Dsdll, < [1020p |l 2 (B.12)

Similar comparison estimates can be derived in the same manner to reveal that

2
;|‘V¢F||L2 <|IVioll2 <||Vor| L. (B.13)
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It can be proved analogously that

4

7||A¢F||L2 <||Angll2 < |Adp|| L2, (B.14)
||VA¢FHLZ <IVhARGl2 < [VAGE| L2, (B.15)
||A2(/f>FHL2 <[ ARl <[ A%l 2. (B.16)

Subsequently, the following estimates are valid:

N9l g SN0l <v2llowllg, nldrllg <IOlge <r2llérly,  (BA7)
N loEll s <110l g2 <2 ll0pll g (B.18)

in which the elliptic regularity for ¢ has been recalled in the derivation:

98|l 72 < My (0wl 2 + |A%00 | 2) 0 19F]gs < Mo (ldpll2 + | A%0p | .). (B.19)

The discrete Sobolev inequality (3.1) comes from the norm equivalence estimates
(B.14), (B.17), and the following inequalities in the continuous function space:

I6e = < Cligelld - Il 5 < Cligrl i - (Iowllz + ]| A%r]| ) *
<C (llgwlli || A28 | 52+ 6wl ). (B.20)

Similarly, the discrete elliptic regularity (3.3) comes from a combination of (B.5),
(B.13)—(B.16), (B.17)—(B.18), and (B.19).

An alternate form of the discrete elliptic regularity (3.4) can be derived in the same
manner, with the estimate in the continuous function space recalled:

68|l g2 <C (dp+||A%0F||,.), with ¢p:= or(z)dz (B.21)

IQI 0

combined with a subtle fact that the discrete average of ¢ and the continuous average
of ¢ are identical:

b= — i x)d B.22
¢ |Q|”zk:1¢m ¢000 |Q|/¢F T = ¢F ( )

The discrete Sobolev embedding (3.5) from H? into £°° can be derived as follows:

19lloe <NORllLe SCllorl gz <Clidllasz (B.23)

in which the continuous embedding was applied in the second step, and the norm equiv-
alence estimate (B.17) was recalled at the last step.

For the discrete Gagliardo-Nirenberg type inequality (3.6), we have the following
observation:

2 2 5
16l < 6% e <C (10w 12 [|A%0w |32 + 6wl )
<C (16wl 18208 | 5. + lowll )
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<C (I9lljs 136 ]15 + 116l ) (B.24)

in which the 3D Gagliardo—Nirenberg inequality and Sobolev embedding were applied,
and the equivalence estimates (B.15), (B.17), and (B.18) were recalled in the derivation.
The second discrete Gagliardo-Nirenberg type inequality (3.7) can be derived in a
similar manner. The details are skipped for the sake of brevity.
Finally, the discrete Sobolev embedding (3.8) from H,QL into W4 is based on the
following fact:

IVaolly <ClIVer| L <Cliorl gz < Cllol gz (B.25)

in which a detailed Fourier expansion was analyzed in the first step, the continuous
embedding was applied in the third step, and the norm equivalence estimate (B.17) was
recalled at the last step.

Completing the proof of Lemma 3.1. ]
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