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Abstract We present a second order energy stable numerical scheme for the two and three
dimensional Cahn—Hilliard equation, with Fourier pseudo-spectral approximation in space.
A convex splitting treatment assures the unique solvability and unconditional energy stability
of the scheme. Meanwhile, the implicit treatment of the nonlinear term makes a direct nonlin-
ear solver impractical, due to the global nature of the pseudo-spectral spatial discretization.
We propose a homogeneous linear iteration algorithm to overcome this difficulty, in which an
O(s?) (where s the time step size) artificial diffusion term, a Douglas—Dupont-type regular-
ization, is introduced. As a consequence, the numerical efficiency can be greatly improved,
since the highly nonlinear system can be decomposed as an iteration of purely linear solvers,
which can be implemented with the help of the FFT in a pseudo-spectral setting. Moreover,
a careful nonlinear analysis shows a contraction mapping property of this linear iteration,
in the discrete ¢4 norm, with discrete Sobolev inequalities applied. Moreover, a bound of
numerical solution in £°° norm is also provided at a theoretical level. The efficiency of the
linear iteration solver is demonstrated in our numerical experiments. Some numerical simu-
lation results are presented, showing the energy decay rate for the Cahn—Hilliard flow with
different values of €.
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1 Introduction

In this article we consider an efficient numerical implementation of a second order accurate
and energy stable scheme for the Cahn—Hilliard equation. For any ¢ € H'(Q), with ¢ R?
(d =2 or d = 3), the energy functional is given by (see [8] for a detailed derivation):

E(¢) = Lot Ly 82V2d I
(¢)—/Q(1¢ _§¢ +3| ¢|)x, (1)

in which a positive constant ¢ stands for the parameter of the interface width. In turn, the
Cahn-Hilliard equation becomes the H~! conserved gradient flow of the energy functional

(1):
¢ = Ap, with p:=84E =¢> — ¢ —>Ag, )

with a periodic boundary condition imposed for both the phase field ¢ and the chemical
potential . As a result of a simple calculation, the following energy dissipation law is
available: d,E(t) = — jﬂ |[Vi|?dx < 0. Furthermore, the equation is mass conservative:
Jo dipdx = 0.

The numerical approximation to the CH equation has been extensively studied; see the
related references [1,3,20-23,25,26,29,37,40-43,52], etc. In particular, the energy stability
becomes one research focus in recent years, due to its importance to the long time numer-
ical simulation. Among the energy stable numerical approaches, the convex splitting idea,
originated by Eyre’s pioneering work [24], has attracted more and more attentions. This
approach treats the convex part implicitly and the concave part explicitly; as a result, the
unique solvability and unconditional energy stability could be established at a theoreti-
cal level. Its extensive applications to a wide class of gradient flows have been available;
see the related works for the phase field crystal (PFC) equation and the modified version
[4,5,39,49,50,53], epitaxial thin film growth models [10, 12,46,48], non-local Cahn—Hilliard
model [33,34], the Cahn—-Hilliard—Hele—Shaw (CHHS) and related models [11,14,15,28,51],
etc.

Both first and second order (in time) convex splitting approximations have been extensively
studied for these gradient flows. In particular, a great advantage of the second order tempo-
ral splitting over the standard first order one has been demonstrated by various numerical
experiments, in terms of numerical efficiency and accuracy. For the Cahn—Hilliard equation
(2), a second order convex splitting scheme has been reported in a recent article [36], based
on the modified version of the Crank—Nicholson temporal approximation. This numerical
scheme enjoys many advantages over the standard second order temporal approximations
[2,17,29,47], in particular in terms of the unconditional energy stability and an uncondi-
tionally unique solvability. Also see another recent finite element work [16] for the related
analysis.

Meanwhile, it is observed that, for most convex splitting numerical works in the existing
literature, a local spatial discretization is used, such as the finite difference or finite element
approximation; there has been no reported numerical scheme which combines the convex
splitting (in time) for the Cahn—Hilliard-type gradient flow and a spatial approximation with
a global nature, such as the spectral or pseudo-spectral method. The key reason for this
subtle fact is that, the convex splitting scheme usually treats the nonlinear term implicitly,
since the nonlinear part corresponds to the convex part of the Ginzburg—Landau energy func-
tional. In turn, an efficient nonlinear solver is needed for this implicit treatment. Moreover,
a well-known fact shows that, highly efficient nonlinear finite difference and finite element
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solvers have been available, such as nonlinear multi-grid or nonlinear conjugate solvers;
the local nature of these spatial discretization has greatly simplified the numerical efforts
to develop these solvers. On the other hand, the development of a nonlinear solver with
spectral or pseudo-spectral solver turns out to be much more challenging. This makes a
convex splitting scheme with spectral/pseudo-spectral spatial approximation very difficult to
implement.

In this paper, we propose a linear iteration algorithm to implement the second order
convex splitting scheme for the CH equation (2), with a Fourier pseudo-spectral spatial
discretization. This algorithm introduces a second order accurate O (s2) artificial diffusion
term in the form of Douglas—Dupont regularization. And also, the diffusion power may
be a fractional number, dependent on the discrete Sobolev embedding from HY into L*.
A key point of the linear iteration is that, although the numerical scheme itself is highly
nonlinear, we treat the nonlinear term explicitly at each iteration stage. Therefore, the numer-
ical difficulty associated with the nonlinear solver and the global nature of pseudo-spectral
approximation is overcome. Moreover, by a careful nonlinear analysis and using a subtle
estimate of the functional bound for the nonlinear terms, a contraction mapping property
(in a discrete £ norm) is theoretically justified if the parameter associated with the artificial
diffusion coefficient is greater than a given constant, and this constant will be discussed
in detail. In other words, the highly nonlinear numerical scheme can be very efficiently
solved by such a linear iteration algorithm, and a geometric convergence rate is assured
for this linear iteration under the given constraint. Similar to the linear iteration algorithm
reported in [12] for the no-slope-selection epitaxial thin film growth model, the linear oper-
ator involved in the scheme, denoted as L, is positive definite with constant coefficients,
and it can be efficiently inverted at the discrete level by FFT or other existing fast linear
solvers.

The leading order energy stability indicates a uniform in time H ! bound at a discrete level.
In addition, we demonstrate a discrete version of an £°°(0, T; H 2) bound of the numerical
solution, and this bound is independent of the final time 7. Such a bound is based on a discrete
£°0,T; H 2) N 52(0, T, H 4) energy estimate for the numerical scheme, with the help of
repeated applications of discrete Holder inequality and Sobolev inequalities in the Fourier
pseudo-spectral space. In comparison with a recent work [36], where a similar analysis for
the finite difference scheme is performed, the nonlinear analysis and Sobolev inequality
are more involved in the pseudo-spectral scheme reported in this article. Moreover, as an
application of three-dimensional Sobolev inequality, a uniform in time £°° bound (in the
maximum norm) of the numerical solution is derived. Because of this estimate, a cut-off
approach for the numerical solution is not needed in our work, compared to a few existing
ones [47].

The rest of the manuscript is organized as follows. In Sect. 2 we present the numerical
scheme. First we review the Fourier pseudo-spectral approximation in space and recall a
second order convex splitting scheme for the Cahn—Hilliard equation (2) with unconditional
energy stability and unique solvability, as reported in [16,36]. Then we propose an O (s?)
artificial diffusion term in the form of a Douglas—Dupont-type regularization, and a linear
iteration algorithm to implement it. We demonstrate that the unconditional energy stability
is preserved for such an addition of artificial diffusion. In particular, we prove that the corre-
sponding linear iteration algorithm is assured to be a contraction mapping under a condition
for the artificial diffusion constant. Subsequently, the £°° bound of the numerical solution is
provided in Sect. 3. In Sect. 4 we present some numerical simulation results. We offer our
concluding remarks in Sect. 5.
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2 The Numerical Scheme
2.1 Fourier Pseudo-Spectral Approximations

The Fourier pseudo-spectral method, a discrete variable representation (DVR) method, is
also referred as the Fourier collocation spectral method. It is closely related to the Fourier
spectral method, but complements the basis by an additional pseudo-spectral basis, which
allows to represent functions on a quadrature grid. This simplifies the evaluation of certain
operators, and can considerably speed up the calculation when using fast algorithms such as
the fast Fourier transform (FFT); see the related descriptions in [6,13,32,38].

To simplify the notation in our pseudo-spectral analysis, we assume that the domain is
given by Q = (0, D3, N, = Ny =N, =:N e Nand N - h = 1. We further assume that N
is odd:

N =2K + 1, forsome K € N.

The analyses for more general cases are a bit more tedious, but can be carried out without
essential difficulty. The spatial variables are evaluated on the standard 3D numerical grid Q,
which is defined by grid points (x;, yj, 2k), With x; = ih, y; = jh,zx =kh,0 < i, j, k <
2K + 1. This description for three-dimensional mesh (d = 3) can here and elsewhere be
trivially modified for the two-dimensional case (d = 2).

We define the grid function space

Gy i={f: 2 - R f is Qy-periodic} . 3

Given any periodic grid functions f, g € Gy, the £2 inner product and norm are defined as

N—1
(fg)i=h D fijk-gijk Ifll =V “
i,j.k=0

The zero-mean grid function subspace is denoted Gy = {f e gy ‘ (fily=:f= 0}. For
f € Gn, we have the discrete Fourier expansion

K
fiik =D Flnexp (2mixi +my; +nzp) . (5)
{,mn=—K
where
N—1
fé’m’n = i3 Z fijkexp (—2711 (Zx,' +mx; + nxk)) (6)
i, j k=0

are the discrete Fourier coefficients. The collocation Fourier spectral first and second order
derivatives of f are defined as

K
Dy fijk = z 2mil) fﬁmn exp (2ni(€x,~ +my; + nzk)) s (7)
Lm,n=—K

K

D)chi,j,k = Z (—4712Z2) ﬂlflm,n exp (2ni(£x,~ + my; + nzx)) . ®)
Lm,n=—K
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The differentiation operators in the y and z directions, Dy, Df, D, and Df can be defined in
the same fashion. In turn, the discrete Laplacian, gradient and divergence operators are given
by

2 2 2 Def
Anf = (DX +Dy+DZ) £, Wnf= Dy ).
D.f
fi
Vv | f2| =Dxfi+Dyf2+D:f3, €))
13
at the point-wise level. It is straightforward to verify that
VN -VNf=AnNS (10)

See the derivations in the related references [6,9,30], et cetera.
In addition, we introduce the discrete fractional operator (—A )Y, for any y > 0, via the
formula

K
AN fiju= D (@@ +m* D) Y, exp (2miCxi +my; +nz))
tm,n=—K

an

for a grid function f with the discrete Fourier expansion as (5). Similarly, for a grid function
f of (discrete) mean zero—i.e., f € Gy—a discrete version of the operator (—A)~" may
be defined as
K
(AN fijki= Z (4n2(€2+m2+n2))_y ﬂNmn exp (2mi(lx; +myj + nzx)) .
Lm,n=—K
l,m,n)#0

(12)

Observe that, in this way of defining the inverse operator, the result is a periodic grid function
of zero mean, i.e, (—AN) "V f € Gn.

Detailed calculations show that the following summation-by-parts formulas are valid (see
the related discussions in [10,12,31,32]): for any periodic grid functions f, g € Gy,

(f.ANg) = — (VN /. Vng), (f. AXg)=(ANS Ang). (13)
Similarly, the following summation-by-parts formula is also available: for any y > 0,
2 v
(£, —ang) = ((am? £ (-amFg). (14)

We define || 1l ;7 = Il(=An)% £l

Since the Cahn—Hilliard equation (2) is an H~! gradient flow, we need a discrete version
of the norm || - || -1 defined on Gy. To this end, for any f € Gy, we define

LF 1w = I(=AN) "2 £l (15)

Similar to (14), the following summation-by-parts formula may be derived:

(£, (A ™e) = ((—am ™ £ (—an) Tg). (16)
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In addition to the standard £2 norm, we also introduce the £7, 1 < p < o0, and £* norms
for a grid function f € Gy:

N-1
I flloo i=max | frjal Ifl, = (B >0 Ufijul”) o 1<p<oo. (7
b i, k=0
For any periodic grid function ¢ € Gy, the discrete Cahn—Hilliard energy is defined as

1 1 2
En(@) = 191§ = 31913 + 5 19n915. ()

The following two lemmas will play important roles in the contraction mapping analysis
and the maximum norm analysis in the later sections.

Lemma 2.1 Supposed =2or3, ag € (0, 1), and y1, y» > 0. For any periodic grid function
with zero mean, [ € Gy, we have,

1—ag 1+

Coni * v2 7 Wl = Ml 121y + 72 9N FI5, (19)

£l < CLl(=AME Flla, (20)

for some constant Co > 0 that only depends on oo and d, and some constant C; > 0 that
only depends on d.

Lemma 2.2 Suppose d =2 or 3. Forany f € G, we have

[flle = C2lI(=AN)f2- 21
for some Cy > 0 that only depends on d.

The proofs will be provided in “Appendices 1 and 27, respectively. Observe that (20) and
(21) are discrete versions of the standard Sobolev embeddings from H% into L* and H 2 into
L, respectively, both of which are needed in the nonlinear analysis.

It is well-known that the existence of aliasing error in the nonlinear terms poses a serious
challenge in the numerical analysis of Fourier pseudo-spectral schemes, and we need some
tools to quantify this error. To this end, we introduce a periodic extension of a grid function
and a Fourier collocation interpolation operator.

Definition 1 Suppose that the grid function f € Gy has the discrete Fourier expansion (5).
Its spectral extension into the trigonometric polynomial space Pk (the space of trigonometric
polynomials of degree at most K) is defined as

K

fsoy = D fl . exp@ritx +my +nz)). (22)
,mn=—K

We write Sy (f) = fs and call Sy : Gy — Pk the spectral interpolation operator. Suppose
8 € Cper (2, R). We define the grid projection Qp : Cper (2, R) — Gy via

ON(Qijk = 8(Xis ¥j»2h)s (23)
The resultant grid function may, of course, be expressed as a discrete Fourier expansion:

K

_—— N .
ON@ijk = D, ON(@pu,exp (2mi(lx; +my; +nzp)) .
Lm,n=—K
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We define the de-aliasing operator Ry : Cper (2, R) — Pk via Ry := Sy(Qn). In other
words,

K
RN@E 1.0 = D ON(@tmn eXp Qi(Ex +my +n2)) . (24)
t,mn=—K

Finally, for any g € L*(2, R), we define the (standard) Fourier projection operator Py :
L*(Q,R) — Pk via

K
Py()(x.y.2)= D GemnexpQri(lx +my +n2)),

limn=—K

where
8t.mn = / g(x,y, ) exp (=27i ({x + my + nz)) dx,
Q
are the (standard) Fourier coefficients.

Remark 2.3 Note that, in general, for g € Cper(2, R), Py(g) # Ry(g), and, in particular,

R i
8¢,m,n #* QN(g)z,m,n'

_— N
However, if g € Pk to begin with, then g¢ ., = ON(&gmn-In other words, Ry : Px —
Pk is the identity operator.

To overcome a key difficulty associated with the H bound of the nonlinear term obtained
by collocation interpolation, the following lemma is introduced.

Lemma 2.4 Suppose that m and K are non-negative integers, and, as before, assume that
N = 2K + 1. For any ¢ € Py in RY, we have the estimate

d
IRv@ Il gr =m?> llolnr, (25)

for any non-negative integer r.

The case of r = 0 was proven in Weinan E’s earlier papers [18,19]. The case of r > 1 was
analyzed in a recent article by Gottlieb and Wang [32].

2.2 The Second-Order Convex Splitting Scheme

A second order accurate convex splitting scheme for the CH equation (2) was reported in [36],
with a centered difference approximation in space. If the spatial discretization is replaced by
the Fourier pseudo-spectral method, the numerical scheme is formulated as follows: given
¢, o™ e Gy, find g™t " t1/2 € Gy such that

m+1 _ m
¢ : " _ A2, (26)
1
x (@t ") = 2 @+ ™) (@™ TH2 + (™). (28)

@ Springer



1090 J Sci Comput (2016) 69:1083-1114

im+1/2 % m _1 m—1 cmA4-1/2 . % m—+1 1 m—1
¢ = 2¢ 2¢ _— = 4¢ +4¢ ; (29)
where s = T /M. For simplicity, on the initial step we assume ¢~ = ¢°.

Following a similar argument as in [36], the unique solvability and unconditional energy
stability for this numerical scheme can be straightforwardly established. On the other
hand, there are severe numerical challenges associated with the practical implementation
of (26)—(29), due to the implicit treatment of the nonlinear term x (@™ ¢™). If a spatial
discretization of a local nature, such as the finite difference approximation, is taken, this issue
could be handled by some well-developed multi-grid solvers; see the related discussions in
[4,39,51,53], et cetera. However, the global nature of the Fourier pseudo-spectral method
makes a direct numerical implementation of this nonlinear scheme extremely challenging.

To overcome this difficulty, we add an O (s?) artificial diffusion term to (26), and come
up with the following alternate second order numerical scheme:

¢m+1 _ ¢m
. A ~m+1/2 I:Lm+l/2 = Mm+1/2 + A(_AN)CY(¢WL+1 _ 2¢m +¢m71).
(30)

The values of A and « will be specified later.

Before proceeding into further analysis, we make an observation. It is clear that the
numerical solution of the fully discrete second order scheme (30) is mass-conserving at the
discrete level: if ¢"—1 = ¢ = ¢,,, then ¢+ = ¢,,. We will assume that |¢,| < 1, as is
standard.

Proposition 2.5 Forany A > 0 and any o > 0 the scheme (30) is second order accurate in
time, i.e., its local truncation error is O (sz); it is unconditionally uniquely solvable, and it
is unconditionally strongly energy stable, with respect to the discrete energy

_ 1 2 € Z1p2
Eng", ") = En@™) + 7 0" — 0"+ 5 [Ing" - ¢" D,
A 2 m m—1 2
+ 5 [amier —em |, G31)
ie, En(@mTL @™ < En(@™, ¢ V), foranyn > 1, and any s > 0.
Proof The order of accuracy the can be verified by Taylor expansions, assuming sufficient

regularity. We omit the details for brevity. For the unique solvability, we note that scheme
(30) could be rewritten as

m+1 m 2
(_AN)_I (%) +7( A )¢m+l+A( A )oz¢m+l

1
Z((qﬁ’"“) + (@™ + ¢ T (@™ = F(@™, ") + w2 (32)
where

1 o
F(¢™, ¢" ") = Awm '+ A=Ap)” <2¢'"—¢m*1)—1<¢>’">3+¢m“/2. (33)

Note that the constant i,y m+l/2

Mm+1/2 |Q| 1<X(¢m+l ¢ ) ¢m+1/2’ 1) — |Q|—1<X(¢m+l’ ¢m)’ 1) — ¢av-

must be added for compatibility, so that
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The unconditional unique solvability of (32)—(33) can be proved by observing the strict
convexity of the following functional over the affine hyperplane A := {¢ € gn ! ¢ = ¢av}:

R

-1,N

G (@) =3 H + 3%2 1ol + 5 |amol.

1 1 m 1 m m m—
+E”¢”3+E(¢’ ,¢3)+§(<¢> )2, %) = (F(¢™, 0" D). ¢). (34

It is often easier to shift the hyperplane A to the linear space Gy through a simple affine
change of variables. See [15,39], for example, for more details.

For the energy stability analysis, we take a discrete inner product of (30) with
(—A N)_l (¢m+1 — ¢™), and make use of the following identities and inequalities:

m m m m 1 m 4 m
(@ g 9m ! —gm) = 2 (lem 3= le"[3). (35)
im m m 1 m 2 m
(g1t =)= = (13 - o 2)
1 m m 2 m m— 2
3 (lomt =97, = o = 9'13). (36)
<_AN$m+l/2’¢m+l > <V G2y (¢ — ¢m)>

5(\\v 9"~ |Vwo" [3)
+ (19w @ =M~ 19w (6" — 6" )13).

(37)
and
((—am! @t =29 4+ "), (—an) T " - ™)
= (amT @ = 20" +¢" 7N, (—an)E @ = ¢™)
= (H(—AN)%W“ —om|o - [amier - ¢W‘)H2) SNE
Then we arrive at
En(@" T ™) —En(p". 9" < —% e ) (39)

so that an unconditional stability with respect to the modified discrete energy (31) is estab-
lished. O

Remark 2.6 We can obtain an equivalent statement of energy stability, which will be useful
for some purposes, using the following identity:

1
Slomt =7, = s [

Remark 2.7 We note that the modified energy (31) is strongly stable, i.e., En ("t ™) <
En(@™, " 1). Meanwhile, for the original energy Ey(¢), such a strong stability is not
available at a theoretical level. On the other hand, since the modified energy contains Ey (¢)
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and a non-negative modified term, we are able to derive the weak stability of the original
energy functional:

En@™) <En@™, ¢" ) <En@, ¢ = EN@") := C3, Vm >0, (40)

by taking ¢~ ! = ¢°. In other words, the original energy functional is always bounded by the
initial energy value.

In addition to the second order convex splitting approaches, there have been a few related
works with second-order in time approximations for the CH equation in recent years. A semi-
discrete second-order scheme for a family of Cahn-Hilliard-type equations was proposed in
[54], with applications to diffuse interface tumor growth models. An unconditional energy
stability was proved, by taking advantage of a (quadratic) cut-off of the double-well energy
and artificial stabilization terms. And also, their scheme turns out to be linear, which is another
advantage. However, a convergence analysis is not available in their work.

A careful examination of several second-order in time numerical schemes for the CH
equation is presented in [35]. An alternate variable is used in the numerical design, denoted
as a second order approximation to v = ¢2 — 1. A linearized, second order accurate scheme
is derived as the outcome of this idea, and an unconditional energy stability is established
in a modified version. However, such an energy stability is applied to a pair of numerical
variables (¢, v), and an H' stability for the original physical variable ¢ has not been justified.
As aresult, the convergence analysis is not available for this numerical approach.

In comparison, with the weak stability (40) available for the original energy functional, we
are able to derive a uniform-in-time H' and H? bound of the numerical solution presented
in this article, namely (66) and (73) in Sect. 3. These estimates play an essential role in the
convergence analysis for the proposed numerical scheme.

With all these observations, we note many advantages of the proposed second order convex
splitting approach over the second order temporal approximations reported in the existing
literature, in particular in terms of the energy stability for the original phase variable ¢ and
the convergence analysis.

2.3 A Homogeneous Linear Iteration (HLI) Algorithm

Although the unconditional energy stability and unique solvability of (30) have been estab-

lished, implementation of the scheme is clearly a challenge due to the combination of strong

nonlinearity and the global nature of the pseudo-spectral discretization. In this section, we

propose a linear iteration method to solve the scheme, and prove that the iteration always

converges to the unique solution of (30) if the splitting parameter A is chosen judiciously.
Based on (32)-(33), we rewrite the scheme (30) in an equivalent form:

L(¢" — pay) = —x @ ™) + G(o™, ¢" ) + it 1)
where
1 3 o
L) = [§<—AN>*‘ + Zsz(—Am + A(—AN)“] v, Vi eGy,
and

1 " — av
G@", 9" = F@",¢" ™) + @™ + (—am)™! (%) :

Note that £ is a positive, linear, homogeneous (constant coefficient) operator.
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Now, we propose the following homogeneous linear iteration (HLI) method to solve the
scheme (41): given ¢, 4)’”_1, 1/fk € Gn, find the unique periodic solution, 1//"'H € Gy, that
satisfies

£ (v = gu) = —x W 6™ + G (9" 9" ) + ik, “2)
where the mass compatibility constant must now take the form
oy = 12171 00@F, @™) = ¢ 12, 1) = (x84, ¢™), 1) — Guy. 43)

Observe that the mass compatibility ensures that the right hand side of (42) is of mean zero,
a necessary condition for solvability. Here k stands for the HLI index, not the time step
index. The method is initialized via ¥ := ¢™. Clearly, ¥ = ¢™ 1! is the unique fixed point
solution:

LOP) = —x (W, ¢™) + G (¢™, o™ ") + pmt1/2, (44)

2.4 A Contraction Mapping Property

First, we derive a uniform in time || - ||4 bound of the exact solution for the numerical
scheme (30). By Proposition 2.5, the energy bound (40) is available. Meanwhile, the following
inequality is observed: for any f € Gy,

1 1 1 1
leflli—illfllz> IIfIIi—EIQI, (45)

278
since %l f |4 — %| f 12+ % > 0 holds at a point-wise level. A combination with the discrete
energy (18) implies that, foralln > 1,

”¢m ”4 < (8C3 +4|Q|)1/4 = Cy. (46)

We now prove that the linear fixed point iteration (42) must converge to the unique fixed
point, provided that A is sufficiently large.

Theorem 2.8 By choosing o = %ford =2, anda = %ford = 3, the linear iteration (42)
is a contraction mapping in the discrete | - ||4 norm, provided that

4o
w (3 .\ 2 11
C1_2 (A + Cos—]T (Zez) ) =:Cs5 > EC‘%’ 7

with the constants Co, C1 and Cy given by (19), (20) and (46), respectively.

Proof Let ¢ denote the unique periodic solution to (41) and define the iteration error at each
stage via

M=yt -y, (48)

where /¥ is the k™ iterate generated by the HLI method (42). First, we observe that the
solution created by (42) at each iteration stage has the same discrete average as ¢™, namely,

e R S B S (49)

The iteration error, therefore, always has zero (discrete) mean: ek = 0.
Since Y0 := ¢”, and ¢ = ¢!, by the preliminary bound (46), we obtain an estimate
for the initial error in the discrete || - ||4 norm:

1€%lla < Pl + 19 lla = 16™ la + 1™ lla < 2C4. (50)
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Subtracting (42) from (41) yields

LA =~ (W vu 094 @y @) o,
6

Taking a discrete inner product with e*1 — and using the fact that ek+1 = 0 — leads to

1 3¢?
() = I 2 Ly + oIV 1 4 Al I

- %<(‘/f2 + vk + W2+ + vhe" + (¢m)2) ok, €k+1>
+<M§V e, ek+1>

1, (52)

1
=3 (W13 + 1w* 05 + 19" 1) ek - |

in which the summation-by-parts formulas (13) and (14) were used in the first step, and a
discrete Holder inequality was applied at the last step.

To proceed further in the nonlinear analysis, we make the following a priori assumption
at the iteration stage k:

leflls < 2C4. (53)

We now show that this same bound will be recovered at the next iteration stage. With this
assumption, we get a bound of ¥* in the discrete || - ||4 norm:

195Nl = llek 4+ lla < lleklla + 1Y ll4 < 3Ca. (54)

Going back to (52), we arrive at the following estimate:
1 3¢?
=[N y + ==V TS + Al 13
K 4 N
11 11
< chne"m ey < Zcz%(ne"n% + [l D). (55)

Moreover, since ek =0 for any k, we apply (19) (in Lemma 2.1) and get

I+a

L k12 3¢ k1,2 e (3 5\ 7 k2

E||€ 12y n + e Ve |l3 = Cos™ 2 1° lle ||H[<3, (56)
which in turn yields

Lo k2 3¢? k1,2 k1,2 2 k412

;||e 12y n + e Vae" "5 + Alle ||H;\x, > CiCslle ||H;, 57

where Cs is defined in (47). Meanwhile, an application of the discrete Sobolev inequality
(20) leads to

1 3¢?
SN2y IV + AT > Csllet T (58)
Substitution into (58) yields

11
Csllet 113 = €3 (le 15 + e 113) (59)
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or, equivalently,

11 11
Cs — —Ci ) 1415 < —Ciletl;. (60)
4 4
As a result, a contraction is assured under the condition that
oo Moz e (61)
- —C?s (2,
or, equivalently,
11
Q>7ﬁ. (62)
Clearly, we are justified in our a priori assumption (53), since
e+ la < lle*lla < 2C4 (63)
provided condition (62) is enforced. This finishes the proof. ]

Remark 2.9 At each iteration stage, the operator £ defined in (41) is positive, linear, and
homogeneous and can be inverted efficiently using the Fast Fourier Transform (FFT). We
note that the operators (A ~) " Vand (—AN)Y (with a non-integer value of «) do not pose
any difficulty in the numerical implementation, since all the operators share exactly the
same Fourier eigenfunctions; only a slight modification of the eigenvalues is needed in the
computations.

Remark 2.10 As an observation in the contraction mapping analysis, the purpose of the choice
of a non-zero value for the parameter « is to make sure that the continuous “embedding”

from (QN, - H;f,) into (G, || - |l4) is valid, independent of N. On the other hand, an
increasing value of « usually amplifies the Douglas—Dupont regularization, which in turn

leads to increasing local truncation error. In practical computations, we can take o = 0. For
instance, with o = 0, the following choice

Azc (||¢’" I3 + g™ 1% + (max ||wk||oo)2) (64)

would, formally, lead to a contraction. Since the maximum norm of the solution for the typical
Cahn—Hilliard model is of O(1), we are able to take an O (1) value of A, combined with
a = 0, in practical computations, as presented in Sect. 4. However, this argument is only
intuitive, and a firm theoretical justification is not available.

Remark 2.11 In arecent work [12], a similar linear iteration was proposed and analyzed for
the epitaxial thin film growth without slope selection. In particular, a universal bound of %
was established for the constant A associated with the Douglas—Dupont regularization, to
ensure a contraction mapping property for the HLI proposed in [12]. In comparison, the lower
bound for constant A in Theorem 2.8 is related to the discrete Sobolev constant C and the
uniform in time | - ||4 bound C4 (dependent on the initial data), given by estimates (20) and
(46), respectively. The key reason for this subtle fact is that the higher order derivatives of the
nonlinear terms in the no-slope selection thin film model automatically have an L° bound,
as a universal constant 1, so that a universal lower bound for A is available. In contrast, for
the nonlinear numerical scheme (30), where the nonlinear terms have a polynomial structure,
an L* bound of their derivatives are not directly valid.
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On the other hand, we observe that the lower bound of constant A (given by Theorem 2.8)
does not have a singular dependence on ¢, since C; and C4 do not. This constant could be
taken to be O (1) in practical computations.

3 A Maximum Norm Estimate of the Numerical Solution

A uniform-in-time H' bound of the numerical solution (30) is available at a discrete level,
as a result of the energy stability given by Proposition 2.5. A combination of (40) and (45)
yields, for all n > 0,

1 1 &2 2C3 + 19|
C3 = En(@™) = Sllolls = S1Q1+ SIVNg" I3 = IVN" I3 = ——5—. (65

Now, consider d>§ = Sy (¢™), where Sy is the spectral interpolation operator defined in
(22). Since ¢ € Pk, it follows that

IV@sliL2 = IVNg™ Il2.

Since ¢ = ¢,y (discrete average), it also follows by a simple calculation that gbig = Qay
(continuous average). Using the continuous Poincaré inequality,

V2C3 + 2]
1651 g1 <C (Ipa]+]| VRS 2) <CBo + IVN¢™ 12) < C (ﬁo+f =: Ce.
(66)
for all n > 0, with Bg = |Pay].
Lemma 3.1 Suppose that qbe € Gy, =0,1,---, M are the unique solutions to the scheme
(30). The following estimate is valid: forany 0 <m < M — 1,
1 2 1,3 2 3
lawx@m st omly = o (183 ] + 1akomid )
1 1
+Cg (||A}“V¢’"+1||§ + ||A%v¢mn§)
2 mly 3 2 3
+ G (||AN¢”‘ > + ||AN¢’”||22) + Cio, (67)

Sfor some positive constants C7, - - - , C19 that are independent of s and m.

Proof We observe that x (¢!, ¢™) is the point-wise interpolation of a continuous function
X ((b’S”H, ¢¢'). As a consequence of Lemma 2.4 and the fact that (q’)g"H, @) € Pr, with
L =3 - K, we conclude that

IANX (@, ™)l = IARN (X @5, 62 < WP NAG @R, 9™l 2.
(68)
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Furthermore, a repeated application of the Holder inequality shows that

IAG(@e Tt ot
< CUIPE e + 108 1) - (VO iz + VP - (g 1 + 198 1111
+CUPE T o + 108 17) - (D2 g2 + 10211 22)
< (g e + 193 1) - IVl + VY 1)

+ 95 o + 195130 - U951 + 165 112))- (69)

Meanwhile, the uniform in time H ! estimate (66), combined with the 3-D Sobolev inequality,
and the Gagliardo-Nirenberg type inequalities, indicates that

2 1 1 1 1
sl < C (||¢§||;,1 1A%g5l13, + ||¢§||H1) <C (cg A%, + cg) )

5

5 1 1
||¢§||LocSC(||¢§||;,I||A2¢§||22+||¢§||Hu)sc( 2 ||A2¢5|| +C§), (71)

1 1
IVe§lie < Cligtl 2 1A%5]12, < cci ||A2¢S||L2, (72)

for £ = m, m + 1. A combination of (68), (69), and the equality ” A2¢§HL2 = ” A12V¢>@ ”2
leads to the result. O

Using estimates (66) and (67), we can now derive a discrete £>°(0, T'; H 2 estimate of the
numerical solution. The following proposition is the main result of this section.

Theorem 3.2 We assume an initial data ¢° € HY, (). For any A > 0 and any « € [0, 1),

per
the following bound is valid for the numerical solution given by the approximation scheme

(30):

”¢”€°°(0,T;th) = Oina<XM ||¢S ” g2 = Ci1, (73)

where s - M = T and C11 > 0 is a constant independent of h, s, and T, provided that the
time step size satisfies the restriction
5 32 C
6 19 82 ’

where C12 > 0 is the constant associated with the discrete elliptic regularity, | Ay fll2 <
Cia||A? v fl2. The right hand side of estimate (74) is independent of T.

(74)

Proof Taking the discrete inner product of (30) with A%vqu'*'l gives
(¢ — ¢ ARG + s(Aje" T AngTTIR)
—s<A2 " m+1 ANX(¢m+1 ™)) + & s(A ¢m+1 A2 ¢m+1/2)
= —As(ARP" T (A U@ = 29" + 9" ). (75)
An application of summation-by-parts using periodic boundary conditions indicates that
(¢ — g™ AR = (An@" T = 9™ Ang™ )

1 1
= §<||AN¢'"“||% —llaN®™13) + EMANW“ — ™3
(76)
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The concave diffusion term could be similarly handled:

o 1 o
—(AX ™ Ang™ T2y < BIAL " + — AN T3

4
9
<BllA% "3 + —ﬂnAwmn% + —ﬂnAwm i3
98 B 5C?
< BIARO™ 5 + 139" + G lade" B + ok,
(77)

for any > 0, in which the following inequality has been applied in the last step:

C
Iang I3 = (6", Aj ") < 4ﬂ2||¢£||2+ﬂ 1A% 15 < 4/32 + AN 5. (78)

for £ = m, m — 1. Meanwhile, the bi-harmonic diffusion term can be treated in a more

straightforward way:

N 3 1
(AR@™H ARG = J11AY ¢’"“||2+Z<A%¢’"“,A%v¢m h

3
> JIARe™ 3 - 8<||A V" E A+ AR D)

5 1
gnA "3 - 8||A "3

(79)

The estimate for the right hand side of (75) is similar to that of the concave diffusion term.
First, we will need the following weighed Sobolev inequality:

2(1—a) 17 22+a) 21 —a) 2(2+a)
I(—Ay) 3t 13 <CIVNe°ll, T - lIAR6 N, * <CCo T - 1ARS N, °

<Cu+ gnA%vqsfn%, (80)

for any B8 > 0, where C14 > 0 depends on A, 8, and Cg. Then, using the last inequality,
along with the summation-by-parts formula (14) and the Cauchy inequality

—(Aj o™, (—AN)”“W“ —2¢" + ¢>’"‘1)>

= —ll(- AN) ¢'"+1||2+2<< AN g (—an) T M)
(A T (—ap) T

< SICAN FH IR + AN T B+ LI A T3

[\

3C14+£||A ¢’”+1||2+’3||A " ||2+£IIA " 3. 8D
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Using estimate (67), we arrive at
(A% ™ Anx (8" ™)) <lAX ™ 2 - AN X (™ ¢™) 12

< (nA IS 4 1Y - 1A% ||2)
+Cy (uA S+ 16T - 1A ||2)

+Co - (nA ! ||2 + 1A% o - AR ™ ||2)
+ Croll A% ¢™ I
< Cis+B(I1A%¢™ 13 + I1a50™13) (82)
for any 8 > 0, with C;5 = C15(8, C7, -+, C10) > 0.
A combination of (75), (76), (77), (79), (81), and (82) yields
562
1Ane" 3 = Nang™ I3 +5(%- —5B) 1a3e™ 13

258 e 5B . 5C?
= 1A% ™15 + s ( )llA ¢" 5 +s 16/33 +3AC1s+Cis ), (83)

under a standard assumption A > 1. Choosing f = ﬁez fixes the constant term, and we
have

952
IAN™ I3 — ||AN¢’"||% + —suA%v«z»'"“ I3

2

S¢
_§s||A "I +— A% 0™ 13 + 5Cie, (84)

where Cig > 0 is a fixed constant that depends on £~! to some positive power. With an
addition of 7e2 el A?vqu ||% to both sides, this inequality becomes

9¢g2
I Ane™ 13 +—s||A2 ¢'"+1||%+— 1A% 6™ 13

19¢2 9¢2
< ||AN¢”‘||§+— | A% 9™ ||2+—s||A " MI3 + 5Cie. (85)

We now introduce a modified “energy’:

1962 9¢2
"= ANGM I3 + S5 sIAR” ||2+— slAZe™ 3. (86)
The last estimate now takes the form
mtl 4 17e~ m+1 56 2 my2 m
G ||A ¢ ||2+7S||AN¢ I35 < G™ +s5Cie. 87

On the other hand, by performing a similar analysis as in (3.32) — (3.33) in reference [36],
the following estimate is valid:

172 352
= s|1ay '"+1||2+— A% @™ 3 > — T slla% ™3 +

2
Gerl7 38
162" (88)
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provided that the constraint (74) is satisfied. Note that (74) is not so restrictive, since the
bound on the right-hand-side will typically be greater than 1. Then we arrive at

1+ 3{;‘2 s Gm+1 + gS”AZ ¢m+1”2 < G™ +SC16 (89)

16C%, 16N 2 '

An application of induction with the last estimate (see reference [36]) indicates that
—(m+1)
2 2 2

o <14 3e°s G0+ 16C16C1, <60+ 16C16C12. 90)

B 16C%, 362~ 3¢2

The following observation is made
16C16C122

16713 + 1 AN8" B < Co+ G0+ < Cin. o

3e?
for some C7 > O that is independent of 7' and s, using ¢~ = ¢° and the fact that G* is
bounded independently of /2 by consistency. To conclude, we employ the elliptic regularity

165 12 = CUPS N2 + AP 12) = CUl™ 12 + | And™ [12), 92)
and this finishes the proof of Proposition 3.2. O

Remark 3.3 This analysis follows a similar idea as in the recent work [36], in which the
second order convex splitting temporal approximation is combined with the centered differ-
ence in space. On the other hand, due to the Fourier pseudo-spectral spatial approximation
in (30), we are able to bound the nonlinear inner product with the help of Lemma 2.4. In
turn, this approach avoids an application of discrete version of Holder inequality and Sobolev
embedding. This subtle difference greatly simplifies the estimate presented in Theorem 3.2.

Remark 3.4 A detailed examination of (90) reveals an asymptotic decay of the contribution
coming from the term G, which is essentially the H> norm of the initial data ¢°.

In addition, we observe the following Sobolev inequality
[¢" oo < 145 Lo < CllgS N2 < CCr1, ¥m =0, 93)

where the first estimate is based on the fact that ¢™ is the point-wise interpolation of its
continuous extension ¢§1. This gives the £°°(0, T'; £°°) bound of the numerical solution.

Remark 3.5 Similar to the H? estimate given by Theorem 3.2, the || - ||, bound (93) for the
numerical solution 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 [3] 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, estimate (93) is the first such result if a pseudo-spectral approximation
is taken in space.

Remark 3.6 A detailed derivation shows that the global in time || - ||, bound, CCy in (93),
depends singularly on £ 70, where m is some positive integer. Meanwhile, a well-known
theoretical analysis presented by L. Caffarelli [7] gives an e-independent L>° bound for the
CH equation, at the PDE level, provided that a cut-off is applied to the energy. For the standard
CH energy (1), in which the polynomial part is given by %4&4 — %qﬁz 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.
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Remark 3.7 A careful examination reveals that, the stability estimate for the modified energy
(31) and the weak stability (40) for the original energy functional are valid for any A > 0, due
to the convex splitting nature of the temporal discretization. In turn, the uniform in time H'!
and H?2 bound for the numerical solution, namely (65) and (73), respectively, could be derived
in the same manner, even if A = 0. In other words, the Douglas—Dupont-type regularization
term does not play any essential role in the proof of Theorem 3.2, and the estimate (73) holds
even if the artificial regularization term is removed.

On the other hand, the primary purpose to introduce the Douglas—Dupont-type regular-
ization term is to facilitate the numerical implementation of the highly nonlinear scheme
(30). With an addition of this regularization term, the linear iteration algorithm (42) could be
efficiently applied, and the contraction mapping property of such an iteration is theoretically
justified in Theorem 2.8, provided that the parameter A satisfies (47).

We point out that, with the uniform-in-time H 2 bound (73) available for the numerical
solution, we are able to establish a local in time convergence analysis for the proposed scheme.
This analysis follows a very similar form as Theorem 4.1 in [36]; the details are skipped for
simplicity and are left to interested readers.

Theorem 3.8 Given initial data € C;’éﬁ(ﬂ), suppose the unique solution ¢.(x, y, z,1)

for the Cahn—Hilliard equation (2) is of regularity class

R = C2([0, T*; Cpep ()NC([0, T*]; Cht H(@)NCZ([0, T*]; Coor () NCY ([0, T];
Crat® (). (94)
Define the error grid function ¢Z = de ik (bl ik where ¢ ik is the numerical solution

of the proposed scheme (30). Consequently, provzded s is suﬁ‘ictently small, for all positive
integers £, such that s - £ < T, we have

70 2
o4 . =c2+mm), )
where C = C (e, T) > 0 is independent of s and h.

Remark 3.9 For the consistency, we note that the numerical scheme (30) has an 0(s?) local
truncation error. On the other hand, if we rewrite (30) in an equivalent form: Pt — g =
sA N ™ H1/2 the local truncation error becomes O (s3), since we have multiplied by s on both
sides. In the convergence analysis and error estimate, a well-known fact implies that, although
only an O(s?) local truncation error has contributed to the numerical error function—the
difference between the numerical and exact solutions—at each time step, its accumulation
in time leads to an O (s2) convergence rate.

Remark 3.10 With the O (s> + h™) consistency at hand, the key point to establish the con-
vergence analysis is to obtain a bound of the numerical solution in certain functional norm.
The uniform in time H?2 bound (73) and the Il - [loo bound (93) enable us to derive the desired
H? convergence result, namely (95).

Remark 3.11 Other than the nonlinear convex splitting approach, the idea of linear convex
splitting has also attracted a great deal of attentions in recent years. For example, the following
linear convex splitting scheme for the CH equation was considered in Feng, Tang and Yang
[27]:

¢m+l _ ¢m

N

= A(f(@™) + B@" T —¢™) — 2™, (96)
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with f(x) = x> — x. Energy stability may be rigorously proven for such linear splitting
schemes, provided that 8 > By, where By ~ ¢7"0, for some integer value of ng. A theoretical
justification of the value for 8 has been provided in more recent works [44,45].

For this linear splitting scheme, the energy stability will yield the desired bound for the
numerical solution, and a full order convergence analysis is expected to be available.

Remark 3.12 In addition to the linear splitting scheme (96), its combination with the spec-
tral deferred correction (SDC) method has also been studied in [27], to achieve higher order
temporal accuracy. For the SDC method, an immediate observation is that the energy sta-
bility is not directly available any more, due to the Picard iteration nature involved in the
numerical algorithm. In turn, any further numerical analysis for the SDC method becomes
very challenging, due to the lack of energy stability estimate. Instead, one may think about
an alternate approach, the linearized stability analysis for the numerical scheme. This chal-
lenging problem will be considered in our future works.

4 Numerical Simulation Results
4.1 Algebraic Convergence of the HLI Algorithm

In this subsection we present some numerical tests to support the theoretical convergence
for the proposed homogeneous linear iteration (HLI) algorithm (42). Different values of the
diffusion coefficient ¢ and the time step size s are used to compare the convergence rates for
the linear iteration. We take the following exact profile for the phase variable:

Y(x,y) =sin(2rx)cos(2my) o7

over the domain € = (0, 1)2. Making this the exact solution requires that we manufacture
appropriate values for ¢ and F in (33). In Fig. 1 we plot the iteration error Hek ||2 versus
k, where &* = 1/f" — 1, as in Theorem 2.8, with a fixed N = 128. We expect to and, in
fact, do see a finite saturation of the iteration error in the figure. As expected, the saturation
levels differ for different values of the parameters. Naturally, a larger value of N will allow
for smaller saturation levels in each case, but at the cost of more computation.

For the first test, the results for which are reported in Fig. 1a, we fix s = 0.0l and A = 1
and vary €: ¢ = 1 and ¢ = 0.1. It is clear that the linear iteration error reaches a saturation
after certain iteration stages. We observe that the convergence rate for the linear iteration
increases with an increasing value of ¢, which in turn implies that numerical implementation
of the linear iteration algorithm (42) becomes more challenging with a smaller diffusion
coefficient e. This result matches with our theoretical analysis in proof of Theorem 2.8. Also
note, that each iteration of the linear iteration method reduces the iteration by roughly a
constant amount, which is not surprising since we have a pure contraction of the error.

For the second test, the results for which are reported in Fig. 1b, we fix e = 0.1, A = 1
and vary s: s = 1072 and s = 1073, Similarly, the linear iteration error reaches a saturation
after certain iteration stages. The convergence rate for the linear iteration increases with a
decreasing value of s. These results likewise match with our theoretical analysis in the proof
of Theorem 2.8.

Based on these experiment data, we usually take six to ten iteration stages within each
time step in the practical numerical simulations, by setting 10~'9 as the tolerance of iteration
error.
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Fig. 1 Discrete || - || norm of the error for the linear iteration versus the iteration stage k, with a fixed

choice A = 1. a Dependence of the convergence rate on the diffusion parameter &, with s = 0.01, A = 1; b
dependence of the convergence rate on the time step size s, withe = 0.1, A =1
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4.2 Convergence of the Proposed Numerical Scheme

In this subsection we perform a numerical accuracy check for the fully discrete second order
scheme (30). The two-dimensional computational domain is set to be Q2 = (0, 12, and the
exact profile for the phase variable is given by

D (x, y,t) = sin(2mwx) cos(2mwy) cos(t). (98)

To make ® satisfy the original PDE (2), we have to add an artificial, time-dependent forcing
term. The linear iteration (42) is applied to solve the nonlinear system associated with the
proposed second order scheme (30) for (2). We compute solutions with grid sizes N = 64
to N = 640 in increments of 64, and the errors are reported at the final time 7 = 1. Two
parameters for the diffusion coefficient are used: ¢ = 0.5 and ¢ = 0.1. The time step is
determined by the linear refinement path: s = 0.5k, where £ is the spatial grid size. Figure 2
shows the discrete || - ||1, || - |2 and || - ||oo norms of the errors between the numerical and
exact solutions. A clear second order temporal accuracy is observed in all cases.

Meanwhile, we note that the numerical errors displayed in Fig. 2 are dominated by the
temporal error, since the Fourier spectral accuracy makes the spatial numerical error almost
negligible, in comparison with the O (s2) temporal accuracy. To investigate the spatial accu-
racy in an appropriate way, we rewrite the forcing term associated with the substitution of
the exact profile (98) into the original PDE (2), so that the temporal discretization errors
are exactly canceled in the equation and only the spatial discretization errors are kept. With
such an external force term, we compute solutions with grid sizes N = 24 to N = 96 in
increments of 8, and the errors are reported at the final time 7 = 0.5, with a fixed time step
size s = 0.01. The discrete numerical errors (in || - ||, || - ||2 and || - ||oo norms) are presented
in Fig. 3, with the same diffusion parameters as in Fig. 2: ¢ = 0.5 and ¢ = 0.1. The spatial
spectral accuracy is apparently observed for both cases. And also, a saturation of spectral
accuracy appears with an increasing N, due to finite machine precision.

4.3 Coarsening Processes and Energy Dissipation in Time

In this subsection we present a numerical simulation result of a physics example. With the
assumption that the interface width is in a much smaller scale than the domain size, i.e.,
& < min {L v L y}, one is interested in how properties associated with the solution to (2)
scale with time. In particular, the energy dissipation law has attracted a great deal of attentions,
and a formal analysis indicates a lower decay bound as t ~1/3. Meanwhile, it is noted that the
rate quoted as the lower bound is typically observed for the averaged values of the energy
quantity. A numerical prediction of this scaling law turns out to be very challenging, since
a large time scale simulation has to be performed. To adequately capture the full range of
coarsening behaviors, numerical simulations for the coarsening process require short- and
long-time accuracy and stability, in addition to high spatial accuracy for small values of ¢.

We compare the numerical simulation result with the predicted coarsening rate, using the
proposed second order scheme (30) combined with the linear iteration algorithm (42) for the
Cahn-Hilliard flow (2). The diffusion parameter is taken to be ¢ = 0.02. For the domain we
take Ly = Ly, = L =12.8 and h = L /N, where h is the uniform spatial step size. For such
a value of &, our numerical experiment has shown that N = 512 is sufficient to resolve the
small structures in the solution.

For the temporal step size s, we use increasing values of s in the time evolution. In more
detail, s = 0.004 on the time interval [0, 400], s = 0.04 on the time interval [400, 6000],
and s = 0.16 on the time interval [6000, 20,000]. Whenever a new time step size is applied,
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Fig. 2 Discrete || - [|1, || - |2 and || - ||oo numerical errors at 7 = 1.0 plotted versus N for the fully discrete

second order scheme (30), with the linear iteration algorithm (42) applied. The time step size is set to be
s = 0.5h. The data lie roughly on curves CN~2, for appropriate choices of C, confirming the full second-
order accuracy of the scheme. Left: With the diffusion parameter ¢ = 0.5; Right: with the diffusion parameter

e =0.1
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Fig.3 Discrete ||-||1, ||-|l2 and || - || oo numerical errors at 7 = 0.5 plotted versus N for the proposed numerical

scheme (30), combined with the linear iteration algorithm (42). The external force term is rewritten to make
the temporal numerical error exactly cancel, so that only the spectrally accurate spatial error is observed. The
time step size is fixed as s = 0.01. Left: With the diffusion parameter ¢ = 0.5; Right: with the diffusion
parameter ¢ = 0.1
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t=200 t=300 t=20000

Fig. 4 (Color online.) Snapshots of the computed phase variable ¢ at the indicated times for the parameters
L =128, =0.02

we initiate the two-step numerical scheme by taking ¢ ~! = ¢, with the initial data ¢° given
by the final time output of the last time period. Both the energy stability and second order
numerical accuracy have been theoretically assured by our arguments in Proposition 2.5,
Theorem 3.8, respectively. Figure 4 presents time snapshots of the phase variable ¢ with
& = 0.02. A significant coarsening process is clearly observed in the system. At early times
many small structures are present. At the final time, ¢+ = 20,000, a single interface structure
emerges, and further coarsening is not possible.

The long time characteristics of the solution, especially the energy decay rate, are of interest
to material scientists. Recall that, at the space-discrete level, the energy, Ey is defined via
(18). Figure 5 presents the log—log plot for the energy versus time, with the given physical
parameter ¢ = 0.02. The detailed scaling “exponent” is obtained using least squares fits of
the computed data up to time ¢ = 400. A clear observation of the a.r% scaling law can be
made, with a, = 8.1095, b, = —0.3445. In other words, an almost perfect 13 energy
dissipation law is confirmed by our numerical simulation.

In addition, we provide another numerical simulation result to demonstrate the energy
dissipation law versus time, with a different physical parameter ¢ = 0.03; all other set-up
are kept the same. For this physical parameter ¢, we compute the Cahn—Hilliard flow up to a
final time 7 = 6000, when the saturation state is clearly observed. The log—log plot for the
energy is presented in Fig. 6. Again, the least squares approximation (up to time t = 400)
is applied to calculate the scaling “exponent”, and a scaling law of a,t%, with a, = 9.8286,
b, = —0.3118, is obtained by the numerical results. This scaling law also matches the t~1/3
law very well. And also, it is remarkable to note that a smaller value of ¢ = 0.02 leads to a
scaling law closer to the ~!/3 prediction.
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1 1 1 1
10° 10" 102 108 104
time

Fig. 5 Log—log plot of the temporal evolution the energy Ey for ¢ = 0.02. The energy decreases like 173
until saturation. The red lines represent the energy plot obtained by the simulations, while the straight lines
are obtained by least squares approximations to the energy data. The least squares fit is only taken for the
linear part of the calculated data, only up to about time r = 400. The fitted line has the form aetPe, with
a. = 8.1095, b, = —0.3445 (Color figure online)

1 1 1
10° 10° 102 10°
time

Fig. 6 Log—log plot of the temporal evolution the energy E for ¢ = 0.03, with the same set-up as in Fig. 5.
The least squares fit is only taken for the linear part of the calculated data, only up to about time r = 400. The
fitted line has the form aetb", with a, = 9.8286, b, = —0.3118 (Color figure online)
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5 Summary and Remarks

In this paper we have presented an unconditionally energy stable second-order numerical
scheme for the Cahn—Hilliard equation (2), with the Fourier pseudo-spectral approximation
in space. The temporal discretization follows the second order convex splitting reported in
a recent article [36], while the global nature of the Fourier pseudo-spectral scheme makes a
direct nonlinear solver not feasible. In turn, we introduce an 0(s2) artificial diffusion term,
a Douglas—Dupont-type regularization, and a contraction mapping property of the proposed
linear iteration (in a discrete || - |4 norm) is justified at a theoretical level. An addition of this
regularization does not affect the unconditional unique solvability and unconditional energy
stability of the scheme. In addition to the leading order H' estimate indicated by the energy
stability, we establish a uniform in time H? bound for the numerical solution, by performing
an £°(0, T; H*) N£2(0, T; H*) analysis at a discrete level. As a result of this H? estimate,
a discrete maximum bound is also available for the numerical solution.

This linear iteration algorithm demonstrates an efficient approach to implement a highly
nonlinear scheme. The nonlinear system can be decomposed as an iteration of purely linear
solvers, which can be very efficiently implemented with the help of FFT in a Fourier spectral
set-up. The numerical simulation experiments showed that the second order scheme, com-
bined with the linear iteration algorithm, is able to produce accurate long time numerical
results with a reasonable computational cost. In particular, the energy dissipation rate given
by our numerical simulation indicates an almost perfect match with the theoretical t~!/3
prediction, which is remarkable.
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Proof of Lemma 2.1

For a 3-D grid function f with its discrete Fourier expansion as (5), an application of discrete
Parseval equality gives

K
1 _ A
Iy =1ANT2 I = D Apalfemal (99)
Lm,n=—K
,m,n)#0
K
IVNFIE=" D Aol fomnl®, (100)
{,mn=—K
l,m,n)#0

with Ag ., = 4% (€% + m?* + n?). This in turn yields

K

VI Py + IV B = D (Mg, + v2hema) fomal®. (10D

tm,n=—K
(€,m,n)#0
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A similar calculation also gives

K

1l = 20 @Al fomal®, YO <ao <1, (102)
tm,n=—K
l,m,n)#0

By making comparison between (101) and (102), we conclude that (19) is a direct conse-
quence of the following application of Young’s inequality:

l—ag 14

Vikgmn F V2htmn 2 Cy 2 yy 2 A0, Y—K <tmn<K,  (103)

with C* only dependent on «( and 2.

For the proof of (20), a discrete version of Sobolev embedding from H* into 24, we have
to utilize the continuous extension of f, given by (22). For simplicity of presentation, we
focus our analysis in the 2-D case; for the 3-D grid function, the analysis could be carried
out in a similar, yet more tedious way. And also, || - || is denoted as the standard L? norm for
a continuous function.

We denote the following grid function

gii=(fi;) (104)

A direct calculation shows that

11l = (Igla)? - (105)

Note that both norms are discrete in the above identity. Moreover, we assume the grid function
g has a discrete Fourier expansion as

K
g = X @emeCm, (106)
t,m=—K

and denote its continuous version as

K
Go,y)= D @Neme® ™) e Py (107)
Lm=—K

With an application of the Parseval equality at both the discrete and continuous levels, we
have

2 2 s aN 2
g3 =1GIP = > @] - (108)
Lm=—K

On the other hand, we also denote

2K
H(x,y) = (fs@x, )= D (hY)pne @) e Py (109)
l,m=—2K

The reason for H € P, is because fy € Px. We note that H # G, since H € P>k, while
G € Pk, although H and G have the same interpolation values on at the numerical grid
points (x;, y;). In other words, g is the interpolation of H onto the numerical grid point and
G is the continuous version of g in Pk . As a result, collocation coefficients ggv for G are not
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equal to iV for H , due to the aliasing error. In more detail, for —K < ¢, m < K, we have
the following representations:

AN + B Yornm + BN pman + V)N man, £ <0,m <0,

A Yom + W Yornm, k <0,m =0,

Yo + W) esnm + W) em—n + BN )esnmn, € <0,m > 0,
Yo + WYYy + WYY emen + BN Yoy m—n, € > 0,m > 0,
@em = OVyem + 0N, €>0.m =0, (110)
WVyem + Yoy m + WYY eman + W) —n man, €>0,m <0,
Yo + V) e man, £=0,m <0,

(ANYgm, £=0,m =0,

Ao + Yo m—n, £=0,m > 0.

With an application of Cauchy inequality, it is clear that

2

K ) 2K R
> @] =4] X @l - (111)

t,m=—K ¢,m=-2K

Meanwhile, an application of Parseval’s identity to the Fourier expansion (109) gives

2K 2
WHIZ=| > yem| - (112)
.m=—2K
Its comparison with (108) indicates that
Igl3 = IGI> <41HI?, ie. ligl, <2[H], (113)

with the estimate (111) applied. Meanwhile, since H (x, y) = (fy(x, y))z, we have
1
Ifnllps = (1H2)2 . (114)
Therefore, a combination of (105), (113) and (114) results in
1 1
1£la = (Igl2)? < 21HI2)? < V21 fwllps - (115)

For the continuous function fy (x, y), we have the following estimate in Sobolev embed-
ding (in 2-D):

1 . —
Ifnlzs < Clifnllge < CI(=AN)Z fll2,  (since [ fy(x, y)dx = f =0). (116)
Then we arrive at
1
I£lls < V2l fnlls < Coll(=AN2 fla. (117)
This finishes the proof of (20) for d = 2.

The 3-D case could be analyzed in the same fashion, and the details are skipped for the
sake of brevity. The proof of Lemma 2.1 is completed.
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Proof of Lemma 2.2

For any grid function f € Gy, we recall its continuous extension, fs = Sy(f) € Pk, as
defined in (22). Since f is the point-wise grid interpolation of fg, we have

I flloo < IIfsll oo - (118)

For the smooth function fs, applying the 3-D Sobolev inequality associated to the embedding
H? < L™ and elliptic regularity, we have

1 fslle < € (’/Q fsdx

Subsequently, the maximum norm estimate (21) is a direct consequence of the following
identities:

+ IIAfslle) . (119)

N—1
W D" fijk =:?=ﬁ:=/gfsdx, IAN fll2 = IASs]l 2 (120)

ij.k=0

This finishes the proof of Lemma 2.2.
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