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Abstract. The paper is concerned with the convergence analysis of a numerical method for
nonlocal Cahn-Hilliard equations. The temporal discretization is based on the implicit midpoint
rule and a Fourier spectral discretization is used with respect to the spatial variables. The sequence
of numerical approximations in shown to be bounded in various norms, uniformly with respect
to the discretization parameters, and optimal order bounds on the global error of the scheme are
derived. The uniform bounds on the sequence of numerical solutions as well as the error bounds hold
unconditionally, in the sense that no restriction on the size of the time step in terms of the spatial
discretization parameter needs to be assumed.
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1. Introduction. Pattern formation processes due to phase separation of binary
mixtures can conveniently be modeled by means of nonlocal Cahn-Hilliard equations.
By this we mean H ! gradient flows associated with functionals of Ginzburg-Landau-
type, which may include a dipolar interaction term. In a spatially periodic setting, i.e.,
using the three-dimensional torus T? := 27R3/Z3 as spatial domain, such functionals
typically have the form

1 1 1
11)  Bu) = —][ VUl (1 —u?)Pdr s Y sk
2 Jrs 2 )
keZ3\{0}

Here, u : T2 — [—1,1] is the phase field indicator and (k) are its Fourier coefficients
(cf. section 2). In particular u = £1 correspond to the two pure phases, respectively,
while

m=+4 udre(-1,1)
T3

is a given relative concentration, which is preserved by the H~! gradient flow. The
(small) parameter € > 0 reflects the width of the interface between the two pure
phases, and & : Z> — Rsq is a Fourier multiplier, which is symmetric in the sense
that 6(k) = 6(—k) for all k € Z3\ {0} and which decays to zero as |k| — oo. In this
context, a nonlocal energy term of the form

Bapail) =5 32 o(0la(k)P

kez3\{0}
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typically models dipolar interactions and prefers oscillations of the phase indica-
tor, i.e., microstructure. Typical examples are multiples of negative Sobolev norms
squared. The dipolar energy Egipoi(u) represents the energy of a field, which is in-
duced by u and depends on u in a nonlocal fashion, e.g., through a linear differential
or integral equation.

Various models of energy-driven pattern formation from solid state physics and
materials science fall into the framework of (1.1). For ease of presentation, we shall
have two prototypical examples in mind throughout the article: first, the case when
6(k) =0, i.e., E(u) becomes the unperturbed Ginzburg-Landau energy and its H !
gradient flow is then the classical Cahn—Hilliard equation derived in [2]. Second, we
shall consider the case 6(k) = rie for some constant o > 0. In this case

S slatk) = ][ Vol2dz, where Ap=u—m in T
kez3\ {0} T

and E(u) becomes the Ohta—Kawasaki energy introduced in [19] for modeling the
phase separation of diblock copolymers, which are chain molecules that consist of
two different and chemically incompatible segments joined together by a covalent
chemical bond. Diblock copolymers find their application in diverse fields, including
nanotechnology, biomedicine, and microelectronics [9]. The form corresponding to
(1.1) was derived in [4, 18] and can be written as

(1.2) B(u) = %][ 2Vuf? + %(1 — w22 £ ol(—A) " (u— m) da.
'JT-?)
The parameter o > 0 is inversely proportional to the lengths of the molecules involved.
In this paper we shall focus on the Ohta—Kawasaki model, including the limiting case
of 0 = 0, which corresponds to the classical Cahn—Hilliard model. The numerical
method proposed here can be adapted to more general multipliers & in (1.1) with little
effort, including, e.g., dipolar stray-field interaction in magnetic garnet films [14].
Let us now turn to the H ! gradient flow of the Ohta—Kawasaki functional (1.2)
with € > 0 and o > 0, including the classical Cahn—Hilliard equation when o = 0.
Since the relative concentration m € (—1,1) is conserved along the flow, the manifold
of admissible configurations is the affine space

M, == {veHl(Tg) :][ vdxzm},
T3

whose tangent space of admissible variations (i.e., the space of admissible test func-
tions) is

HY(T?) := {¢EH1(T3) : (bda::O}.

T3

Note that the homogeneous H'-seminorm (cf. below) is a norm on this space.
The abstract characterization of the H~! gradient flow of E over the configuration
space M,,, given by

(1.3) (ug, @) =1 + DE(u){¢) =0 for all ¢ e H'(T?),

where (-,-)-1 denotes the homogeneous H~! inner product (cf. section 2) and
DE(u)(¢) is the Gateaux derivative of E at u in the direction of ¢, gives rise to the

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/06/17 to 129.67.116.144. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1468 BARBORA BENESOVA, CHRISTOF MELCHER, AND ENDRE SULI

following fourth-order nonlinear parabolic equation, referred to as the Ohta—Kawasaki
equation:

(1.4) ut—|—A<52Au— (u® —u)) +o(u—m)=0.

In fact, by using test functions of the form ¢ = —A¢, with arbitrary ¢ € C*°(T?), we
find

<ut7 50>L2 = <M7 AQO>L27

where the generalized chemical potential p = £2(—A)u+ (u® —u)+o(—A) " Hu—m) is
the L? gradient of E at u, and we recover the strong formulation u; = Ay equivalent
to (1.4). )

Expressed in terms of v := u — m, which belongs to the linear space H'(T?) at
each time ¢ > 0, (1.4) turns into

(1.5) vH—A(szAv— ((v+m)® — (v+m))) +ov=0.

The goal of this paper is to develop a temporally second-order, unconditionally
stable, numerical scheme for the approximate solution of (1.4), using the implicit
midpoint rule (with time step k) and a spatial discretization via the Fourier-Galerkin
spectral method based on projection onto a finite-dimensional space, Xy, as defined
in section 2, which exhibits spectral convergence in space. The construction of the
scheme has been motivated by the work of Elliott and French [11] as well as [10], [15],
and [16] where second-order schemes similar to ours were proposed. Second-order
convergence was, however, only shown there under the assumption that the sequence
of numerical solutions remains uniformly bounded (in L°°) throughout temporal evo-
lution.

In this work, we prove an a priori error bound leading to optimal-order con-
vergence in time and space without any additional assumptions on the sequence of
numerical solutions, and with no added restriction on the temporal step size h in
terms of the Fourier—Galerkin spatial discretization parameter N; more precisely, we
prove that the error is of order 6(h? + N %), where s > 0 is the spatial Sobolev index
of the analytical solution. To this end, we exploit that the numerical scheme proposed
in section 3 respects the monotonicity of the (cubic) nonlinearity. We also establish
various unconditional uniform bounds on the sequence of approximate solutions in
section 4; by this, we mean that the sequence of numerical solutions is bounded in
suitable norms by data-dependent constants, which are independent of the discretiza-
tion parameters h and N, and without demanding any particular relationship between
h and N. Proving such uniform bounds is particularly important from the modeling
point of view. Indeed, since the variable u serves as a phase indicator its values should
be uniformly bounded (and ideally within the range [—1, 1], which however need not
be satisfied for the Cahn-Hilliard flow); this can be important, e.g., when the phase
evolution is coupled to other equations. In fact, the unconditional stability of our
scheme is, in a sense, a “stronger” property than its optimal convergence since the
latter can be deduced from the former by invoking the results of [11], whereas optimal
convergence does not necessarily imply unconditional stability. Nonetheless, we chose
not to rely on [11]; instead, we present an alternative proof of optimal convergence.
This is motivated by the fact that our proof of unconditional stability uses specific
properties of the Fourier—Galerkin spatial approximation and generalizations to other
spatial approximations seem nontrivial.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/06/17 to 129.67.116.144. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

MIDPOINT APPROXIMATION OF NONLOCAL CAHN-HILLIARD 1469

These, to the authors’ knowledge, are the first results of this kind for a second-
order accurate temporal discretization of Cahn-Hilliard—type flow in the spatially
multivariate case. In previous works, uniform boundedness of the sequence of approx-
imate solutions and a priori error bounds for temporally second-order discretizations
of such equations were obtained for specific combinations of the spatial and temporal
discretization parameters only (e.g., [8]).

For one-step schemes unconditional stability has already been established in the
literature. A very convenient approach, that relates to our method of proof, is based
on convez-concave splitting; see, e.g., [13]. Such methods amount to writing the
double-well potential in the Ginzburg—Landau energy as a sum of a convex and a
concave function. Then, the monotone part, which stems from a convex potential,
is discretized differently from the other part of the nonlinearity that arises from the
concave function (in our case this part is just linear).

Let us, at this point, briefly compare our approach to other results in the litera-
ture; alternatives to our scheme include the Crank—Nicolson scheme, which involves
taking the arithmetic average of the nonlinearity at the previous and the current time
level; or exploiting that the nonlinearity is actually a derivative of an underlying po-
tential W, which is approximated by a difference quotient (cf. [8] or [7], for example,
for an adaptation of this technique to a spectral method).

Compared to these alternatives, the advantage of the implicit midpoint scheme,
considered here, is that that it preserves the monotonicity of the nonlinearity under
discretization (cf. section 3). On the other hand, proving conservation of energy,
and thereby boundedness of the sequence of approximate solutions in the H' norm,
is challenging, particularly when compared to the scheme from [8]. As a matter of
fact, the proof of conservation of energy was not given in [11] for the fully discrete
approximation, although it was shown to hold in the semidiscrete case in [12], with
the temporal variable left undiscretized. Nevertheless, once H'-boundedness of the
sequence of approximate solutions has been shown for our scheme, deducing bounded-
ness in higher-order Sobolev norms is immediate (and this is again in contrast to the
scheme from [8] for which boundedness of the sequence of approximate solutions in
stronger norms does not seem accessible). Thus, to show the uniform boundedness of
the sequence of approximate solutions in the H' norm we exploit, besides the mono-
tone growth of the nonlinear term, the fact that the L? orthogonal projector onto
the finite-dimensional Fourier—Galerkin space X commutes with spatial differential
operators (which then allows us to proceed with the analysis of the method as if the
spatial variable were left undiscretized); cf. Theorems 4.1, 4.4, and 4.5 below.

Let us remark that the use of a Fourier—Galerkin spatial discretization seems
crucial in our a priori estimates analysis. For example, in [1], in the case of a finite
element spatial discretization combined with a Crank—Nicolson time stepping scheme,
instability was numerically observed outside the dissipative regime. No such adverse
behavior was observed for the scheme proposed herein.

The paper is structured as follows. In section 2 we review some basic results
concerning Fourier—Galerkin spectral approximation in the context of the problem
under consideration. In section 3 we formulate the proposed numerical method for the
Ohta—Kawasaki equation and prove that the method is correctly defined, in the sense
that it possesses a unique solution. Section 4 contains our proofs of the unconditional
uniform a priori bounds on the sequence of numerical solutions. Section 5 is devoted to
the convergence analysis of the scheme. In section 6 we discuss an iterative scheme for
the solution of the system of nonlinear algebraic equations resulting at each time level.
Section 7 focuses on numerical experiments, which confirm our theoretical findings.
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2. Fourier—Galerkin approximation in brief. Since we aim to devise a spec-
tral approximation (in space) of (1.4) it is natural to express the function w in terms
of its Fourier series expansion

keZ3

where a(k), k € Z3, are the Fourier coefficients of u. For N € N we define Zy =
{=N,...,N} and denote the 3-fold Cartesian product of this set by Z3%. We define
the following (2N — 1)3-dimensional subspace of L?(T3;C):

Sy = Spanc{x eT? — e . ke Z?V},

and we denote by Py : L?(T3;C) — Sy the orthogonal projection operator obtained
by truncating the Fourier series, i.e.,

Pyu(z) = > a(k)e* .
keZ3;

We further introduce the subspace of real-valued functions contained in Sy, denoted
by X, through

Xy = {x €T — Z c(k)e® e c(—k) = T/ﬂ)},
keZy
and we consider the subspace
(2.1) Xy ={p Xy : $(0) =0},

consisting of all functions ¢ € Xy that satisfy the volume constraint

]{rg b(x) dz = 0.

We refer to Pyu as the Fourier-Galerkin projection of u € L?(T?). We shall use
the index N to emphasize, for the solution of the discretized equation, that it is an
element of Xy.

For the reader’s convenience, we review some tools and notation used throughout
the article. For functions uy and vy in Xy, i.e.,

un(@) = Y alk)e™™ and un(z) = Y (ke

keZ3; keZ3;
the L? inner product and norm are defined by

(un,on) == > a(k)o(k) and |lun| = /{un, un),

keZ

respectively. By virtue of Plancherel’s theorem, the space L?(T3) = L?(T3;R) is the
closure, with respect to the L? norm, of the union of the spaces Xy, N > 1. In
particular, for u,v € L?(T?),

(u,0) =Y a(k)d(k) :]{rs w(z)v(x) de

keZ3

:][ u(z)v(x)dz and hence |[(u,v)| < |lu|l||v|];
T3
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furthermore, we set (-,-) = (-,-);2 and || - || = || - ||z2. Similarly, we define the space

H~Y(T3) as the closure of the union of X, N > 1, with respect to the homogeneous
H~! norm induced by the inner product

(wohg = S k2 alk) 5(k).

keZ3\{0}

Because of the volume constraint, we shall be mainly concerned with situations where
test functions have zero integral. In this case the following dual estimate will be
crucial: if uy € Xy and vy € Xy, then

(2.2) [(un, ow)| < [[Vunlllon -+,

and hence (-, -) extends to a pairing between H'(T?) = {u € L*(T?) : Vu € L*(T?)*}
and H~'(T3). More generally, we may define, for s € R, the homogeneous H* inner
product

(2.3) (v) e = > K[> a(k)o(k),

kez3\{0}

characterizing the homogeneous Sobolev—Slobodetskii space H $(T3) as the closure,
with respect to the induced homogeneous H® norm [u]gs = +/(u,u) ., of the union

of the spaces )D(N, N > 1. For s > 0, the norm of the Sobolev-Slobodetskii space
H*(T3) is obtained by adding the L? norm, i.e.,

1
lullzre = (llull® + [ulF:)* ,

with the convention H°(T?) = L?(T?). For s € N, this norm is equivalent to the stan-
dard Sobolev norm based on weak derivatives. Recall the following Sobolev inequality,
for u € H*(T?):

(2.4) lul|pe < C(s)||ullgs for s> 3/2;

the inequality fails in the critical case s = 3/2. A critical L™ estimate in dimension
d = 3 can be obtained, however, by interpolating between H' and H?, which is known
as Agmon’s inequality: there exists a constant C' > 0 such that

(2.5) llul|2 < Cllullg||ul|gz for all w € H*(T?).

Let us remark that the orthogonality of the Fourier system yields, for u € H $(T3)
with s > 0 and vy € Xy, the equality

(U, UN) s = (PnU, UN) s -
The following integration-by-parts formula follows easily from Fourier calculus:
(2.6) (Aupn,vn) = — (Vun, Voy) for all un,vy € Xy.

We recall the following approximation property of the Fourier system (cf., e.g.,
[3]): assuming that u € H*(T?), where s > 0, and —occ < r < s, there exists a positive
constant C' = C(r, s), independent of u, such that,

(2.7) |u— Pyullgr < CN“C™|u||gs  forall N >1.
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Remark 2.1 (Fourier collocation method). The Fourier collocation method is used
for spatial discretization, in situations similar to ours (e.g., [7]), as an alternative to the
Fourier—Galerkin method. Fourier collocation methods define spatial discretization
by sampling the differential equation, with the analytical solution replaced by the
numerical solution, at equally spaced collocation points. As has been noted in [23], for
example, this is particularly useful if one needs to evaluate nonlinearities. One might
be therefore tempted to use this method in our case as well. However, the projection
operator Py commutes with differential operators while the interpolation operator
corresponding to the spectral collocation method does not, which, in turn, leads to
significant difficulties in the analysis of the resulting collocation method, particularly
in the proofs of various a priori bounds on the sequence of numerical solutions in
section 4, to the extent that we were unable to show unconditional stability of such a
spectral collocation version of our method.

Finite-dimensional analogues of the Lebesgue spaces L” and Sobolev space W 1> =
C%! and W2 = H' will be denoted by €7, w!*>°, and !, respectively. We shall now
formulate the proposed numerical approximation of the Ohta—Kawasaki equation, and
summarize its key features.

3. The discrete scheme. The aim of this section is to formulate the pro-
posed numerical approximation of (1.4) and to prove its well-posedness. The spatial
discretization is based on a Fourier-Galerkin approximation from the finite-dimen-
sional space Xy. The temporal discretization is performed on a uniform partition
{0=1" <t < ... <tM =T} of the interval [0,T] such that t**1 —tk = h = At :=
T/M,k=0,1,....,M —1, M >2. For k=0,1,..., M — 1, we seek u5"* € Xy such
that

k

o (B ) (), () () e

with uQ; := Pyu®, where u” is the given initial datum for the Ohta-Kawasaki equation.
Here we have used the abbreviation

ki 1(uk+1 + k),

Upn = ol N

& is the second-order elliptic operator on the configuration space M, with range in
H~Y(T3) defined by

Pu =X (=A)u+o(—A)"Hu—m)
and accordingly
(3.2) (u, @)y := (Lu, 9) .
Observe that &£ extends to H*(T?) by letting
PLu = *(~A)u+o(-A)" (1 — Py)u,
where

1-FPl)u=u—m with m=+ udz.
T3

Note that (-,-),, is an inner product, and the norm || - [|¢ induced by it is equivalent
to []g1. Observe, however, that the norm-equivalence constants depend on ¢.
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Since ¢ = —Agp € Xy for any ¢ € Xy, it is a valid choice of test function in
(3.1). Hence, for k=0,1,...,M — 1, u]f\,“ € Xy satisfies
(3.3)
’ukJrl — u’jv k+1 k+21.3 k+1
N o)+ (Vuy V) + (VIdy P, V) = (VuyE V) Ve e X

Choosing in particular ¢ = 1 in (3.3), we deduce that Pyu’t = Pyuk; for all k =

0,1,...,M—1. Also, PyuQ; = Py(Pyu®) = Pyu® = m. Consequently, Pyuk, = Pyu® =
m, for all k =0,1,..., M. In other words, necessarily,

][ u]fvdxzm, k=0,1,..., M,
T3

and therefore ulf\;r% —m e Xy for all k = 0,1,..., M — 1; this property will play
a crucial role in our analysis of the proposed numerical method. In particular, it
guarantees that the sequence of numerical approximations, in analogy with the set of
time slices of the analytical solution {u(-,¢) : t € [0, 7]}, belongs to the configuration
space M,,.

Thus far we have tacitly assumed that the numerical method (3.1), with the
initialization uQ; := Pnu’, is correctly defined in the sense that it has a unique
solution. Next we shall show that this is indeed the case for any m € (—1,1) and any
o > 0, provided that h < 822/(1 — 40£?) 4.

Before doing so, we shall summarize for the benefit of the reader the notation for
norms and inner products that we will use in the rest of the paper.

[ e the standard norm corresponding to the Lebesgue space
LP(T?);
oyl the inner product and the corresponding norm in the Lebesgue

space L?(T3);

(v)ges |- llms:  the inner product in the Sobolev-Slobodetskil space H*(T?)
defined in (2.3) with s € R and the corresponding norm;

(G P I | % the inner product defined through (3.2) and the corresponding

norm that is equivalent to || - || g1;
1/2
[N W5 =20 - + 2l - 115

All the norms and inner products given in the above table concern the spatial
variable only. To describe the temporal behavior as well, we work in standard Bochner
spaces LP(0,T; X) of p-integrable functions with values in the Banach space X, and
in the space W*P(0,T; X) consisting of all X-valued functions that are p-integrable
together with all of their derivatives of order up to k. In the time-discrete setting
when, roughly speaking, integration is replaced by Riemann sums, we prefer to use
the notation ¢7(0,T; X) and w*?(0,T; X) instead.

THEOREM 3.1. Suppose that u® € L*(T®), with m = Pyu®, and let h <
8¢2/(1 — 4oe?), ; then, the method (3.1), with the initialization u%; := Pyu®, is cor-

rectly defined in the sense that it has a unique solution ulf\,ﬂ € Xy, with ulf\,ﬂ —mE
)D(N,fm“ each k=0,1,....,M — 1.

Proof. That u’fvﬂ —m € f(N for each £k =0,1,..., M — 1, assuming that u’fvﬂ €
Xy satisfying (3.1), with the initialization u%, = Pyu®, exists, has already been
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shown above. It remains to prove the existence and uniqueness of ulf\,“ e Xy, k=
0,1,...,M—1.
1
Let vk = wk —m, k = 0,1,..., M, and define vi;” = 1(vi KR Lok, ko=
0,1,..., M —1. With this notation (3.1) can be rewritten as follows. Find vf\,“ € XN,
such that

k+1 ok )
<NTN¢> + (2t + o)y o)
H-1
1 1
+ <[va+2 + m]3,¢> = <vi,+2,¢>
for all ¢ € X ~, which can be further rewritten as

2 (vy kg ¢> C+h <g2(—A)u§“v+% +o(—A)LEE ?)
+h<[v§+%+m]3,¢>— (07, 0) =2(k,8) . VoK.
For v € Xy fixed, consider the linear functional F,(v) : Xy — R defined by
Tn(0)(¢) = 2(v,0) g1 + h ((=A)v +o(=A) "0, ¢)
+h{[v+m],¢) —h{v,é) VYoecXn.

Therefore, the problem that is to be solved can be restated as follows:
(3.4) For a given vk, € Xy find ’UN 3 eXy (vi;r?)(gb) =2 <va, ¢>H,1 Vo € Xy.

. . k+3 . .
Once the existence of a unique such vy * has been shown, the existence of a unique

k+1 € XN will immediately follow on noting that vkle = 2vk+2 — vf{, € )O(N.

We shall consider to this end the finite-dimensional linear space )O(N, equipped
with the norm z € Xy +— |z« == (|z]|%-1 +[|[V2]|?)/2 € Rxg. It follows from the
monotonicity of the function z € R + (z +m)? € R and the inequality (2.2) that

(3.5) Tn(2)(z — =) — Tn(2')(z — 2) > min (2 + (o —6),h <g2 - 4%)) |z — 2|2

for all z,2 € Xy, where § is any positive real number, such that 1/(4e?) < 6§ <
(2/h)+0, with o > 0; the existence of such a positive real number § is the consequence
of our hypothesis that

8¢e?

h< (1 — 4082)+ '

As F,(0)(¢) = 0 for all ¢ € Xy, it follows from (3.5) with 2’ = 0 that

1 .
(3.6) In(2)(2) > min (2 +h(c—9),h <52 - 4—5)> 212 Vz € Xn.
Further, by Hélder’s inequality and the Sobolev embedding theorem,

(37 [F(2)(@) = Tn() (@) < Cle, 0, )1+ 12175 + 12'l1Zs) 12 = 'll 1]«
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for all 2,2’ € Xy and all ¢ € Xy. It then follows from (3.7) with 2’/ = 0 that
(3.8) F0(2)()] < Cle, o, )1+ |1z170) 12l ¢l V2,0 € Xn.

We deduce from (3.8) that Jj,(z) € [Xy]/, where the dual space [Xy] of Xy is
equipped with the dual of the norm || - ||, denoted by || - || ,- It further follows
from (3.8) that the operator , : z € Xy = Jj,(2) € [Xn] is bounded. Inequality
(3.5) implies that 3, is strongly monotone, (3.6) implies that it is coercive, and since
by (3.7) we have that

190 (2) = T ()l ey < Cleso WYL+ 1l +112150) 12 = £l Va2 € Xy,

we deduce by the Sobolev embedding of H'(T?) into L?(T?) that Jj, is Lipschitz
continuous on any bounded ball of X, and it is therefore continuous on X . It then
follows by the Browder-Minty theorem (cf. Thm. 10.49 in [21]) that 9y, is bijective as
a mappmg from Xy into [XN]

For vk € Xy fixed, 6% : ¢ € Xy = £5(¢) := 2 (v, ®) -1 is a bounded linear
functional on Xy; hence, ¢% € [XN] For (¥ € [Xy]’ thus defined, we then deduce the
existence of a unique vf{,“/ € Xy such that Tn(v k+1/2) = ¢*. Thus we have shown
the existence of a unique uf! = vF+1 £ m = 20y g vk +m € Xy that solves (3.1),
for k=0,1,...,M—1. 0O

4. A priori bounds on the sequence of numerical solutions. In this sec-
tion, we prove uniform bounds of the sequence of numerical solutions u of the scheme
(3.1); recall that it reads

<UN+T_UN¢> (o), + (W) = () veeXy,
.

for k € Ng and uQ; = Pyu® € Xy, where u® € L?(T?) with JCW u® dz = m. The scheme
has been shown to be well-posed in Xy in the previous section, for h < 8¢2/(1—40¢e?).
The estimates in this section rely on the uniform ellipticity of & for fixed € > 0 and
arbitrary o > 0 and the monotonicity properties of the (cubic) nonlinearity.

THEOREM 4.1 (uniform boundedness in the €°°(0, T'; L?)N€2(0, T; H?)N¢*(0, T'; L)
norm). Let us suppose that u® € L*(T?), and that ul;, ..., ull, with h = At :=T/M,
M > 2, are defined by the scheme (3.1). Suppose further that

h < 22,
Then, there erists a positive constant C = C(e,u®) such that

4.1 k12 < .
(4.1) maXM}IluNII <

Proof. For the sake of clarity of the exposition we shall divide the proof into two
steps.

Step 1. First, let us test (3.1) with ¢ = uy > —m € Xy. Then, thanks to
Plancherel’s theorem and a simple consequence of Young’s inequality (viz. |a|P <

da* + C(6,p), for any @ € R, § > 0, and 0 < p < 4, applied with a = u];\;L%(x),

k+2
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d=h/6,and p=2,3,1, in turn) we have that
1 k+3 k+3
3 (0 = kT ) TS [ ks
1
- h/ 2 = m (5P - oY) de < h/ [ 14 da + e(m)h
T3 T3
for k=1,2,..., M — 1, with a positive constant ¢(m). In other words, we have that
kil k+1 h k+344
—Hu [Fr-2 +hlluy 2% + 5 [ [uy *)de
2 s
1
§§Huk|\fq,1 + c(m)h, kE=0,1,...,M — 1.

Summing over k € {0,1,..., M — 1} gives the following bounds:

(4.2) {ma ||uN||H L < C(e,u?) ~ €°°(0,T; H') bound,
(4.3) Z Rl 2|2 < Cle,u®)  ~ €2(0,T; HY) bound,
k=0
! 1
(4.4) Z h/ [uljc\,+§]4 dr < C(g,u°) ~ €¢4(0,T; L*) bound.

.
Step 2. Next, let us test (3.1) with ¢ = —Au];\,+2 € Xy. By partial integration

(cf. (2.6)) and, importantly, using in the nonlinear term that the operator Py com-
mutes with partial differentiation, followed by an application of Plancherel’s theorem,
this leads to the following equality for £k =0,1,..., M — 1:

k+1
(V™ =), V™ +uk)) - + B Vuy % |12

N | =

—|—3h/ k+2 |Vuk+2|2d:r——h<uN 2 AuN >

By writing fw, ] |Vuy ks |2 = HulvarQVuN 2||? and thanks to Young’s inequality
(applied on the rlght hand blde), we obtain

1 k+d
5 (VR —uR), VR +uy)) o + bl Vuy Hsz
k+io k+d ket ) he? k+d
+ 3h||uy *Vuy 2 H2 2:2 || : H2 5 —Auy? H2
1 1 1 1
As (u];\,+2 - m,uf\,+2> = <uf\,+2 - m,ulj\fz —m) = Huk+2 m||? > 0, it follows that

1
Ay E 2 < Va3
Hence we have that

h R

1 k k+1 k41 ktl k
§IIVUN“H?{—1+ IIV 2||% + 3hlluy * Vuy ? | < IIVuNI\%—1+2 5 llu

DN | =
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1
Finally, summing over k and recalling (4.3) (thanks to which 22/1261 %|\ulfv+2 |? is

bounded by C = C(g,u")) we deduce the following additional a priori bounds:

(4.5) . {I(IJlaXM} [Vl |31 < Cle,u®) ~ €°°(0,T; L*) bound,
€10,...,
M-—1 o 1
(4.6) ST hIVuy PR < Ce,u’)  ~ €2(0,T; H?) bound,
k=0
M-—1 ol ol
(4.7) D by Vuy P < Cle, ).
k=0

That completes the proof. a
In the rest of this section we shall derive stronger bounds under the following
additional assumption: we shall fix an arbitrary constant R > 0 and assume that

(4.8) u’ € H3(T?) with  ||uX|r=~ < R.

Remark 4.2. The existence of such a positive constant R is easily verified: by
virtue of (2.7),

lupllzee < C(lluly — u®llmz + u°|) < CNTHu® g2 + [|u’|| oo

Hence we can choose N large enough so that [[u%]|z~ < 2||u’||r=. The right-hand
side of the last inequality can then be taken as R.

For convenience, we use hereafter the notation C' for a generic positive constant,
which may change from expression to expression, and depends only on ¢ € (0,1) and
u® € H3(T?).

LEMMA 4.3. There exists a constant 6 > 0 with the following property: suppose
that (4.8) holds and that, for h= At :=T/M, M > 2,

h < min(2,6/R*) 2

then,
Loy 0 0
EHUN —upyllg-1 < Cu’),

where C(u®) depends only on ||u®|| gs but is independent of h and e.

1
Proof. We let vy = +(ul —u%) and observe that u2 = Loy +u%,. Hence, the

initial step can be rewritten in terms of vy as follows:

3
<’UN7¢>H—1 + g <’UN7¢>§£ + <(g’UN +u?\]> 7¢>

= Dlow, )+ (uy ~ Ly 0) Vo e X

Thus, with ¢ = vy, using (2.2) we have that
h h3
lonllf-s + 5 lonlly + o s
< (lufellrs + Iu i + @) ) fowllz -

h 3h 3h2
+ E”UNH%z + > |<UN(u9V)2,vN>| + Ve |<v]2Vu9v,vN>} )

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/06/17 to 129.67.116.144. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1478 BARBORA BENESOVA, CHRISTOF MELCHER, AND ENDRE SULI

By virtue of Young’s inequality, the fact that H? is an algebra and [[u®||gs < ||u°] g3,
we obtain

h3
lonllZr-1 + Allowll + 7 lonllze < C®) + hllow72

3h?
+ 3h }<UN(U9V)2,UN>| + T |<v]2Vu9v,vN>} .

Moreover, using (2.2),

1 /h
hlonllzs < llon -1 lowll g < —||UNHH lonlle < V= (lowllF-1 + RllonllZ)

which can be absorbed if h < 2¢2. Also by (2.2), (2.4), and Young’s inequality we
have that

h
3h|(on (u)?,on)| < Bhlluf |z~ lonlze < 3Z i lZecllon i llonlle

h
< CR? \ =2 (lon 31 + RllonlIZ) ,

which can be absorbed for R*h/e? < § and § sufficiently small. Similarly, with an
additional interpolation argument, we obtain

[(viud, on)| < llulloes lonll3s < llulllzeellonlZallon 22

CR
< —HUN||L4\/ lon -1 [lowlle -

Hence, splitting h? = h*/2h'/2 and applying Young’s inequality twice, we deduce that

3h? 2.0 h? 4 2 | h 2 2
> (vku, on)| < §HUN||L4 +CR = (lowlF-2 + hllon ) ,
which can also be absorbed as before with an appropriate choice of §. O

THEOREM 4.4. There exist a universal constant § > 0 and a positive constant
C = C(g,u®) with the following property: suppose that (4.8) holds and that, for
h=At:=T/M, M > 2,

h < min(2,5/R*) &
then

4. klly < C.
(4.9) ke{g}ﬁ?fM}HuNHssz

Proof. For the sake of clarity of the exposition we shall divide the proof into two
steps.
1 .
Step 1. For k£ > 1, we use the test function ¢ = uN+2 - ul;\, 2 € Xy in (3.1)
leading to

1 1
(4.10) o (™ =l —ul 1+< bt u];\;rz —uly 2>sz
k

ktdis ks k—i\ +1 o kth k-1
+<[“N P uy P —uy >—<”N YUy “ Uy T )
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We apply the same test at the time step k£ — 1, which yields

(L11) o (uy — =) <u§v% )
R ]
Taking the difference of (4.10) and (4.11) gives
(4.12) 21h <ulf\,+1 — 2uk 4 uh kit — ulfv_1>H_1 + ||u];\,+% — ulj\, 2|3
(P =y P =) = (un - -t
The first term on the left can be written as
< IZCV+1 2UN "'“k ! UIZCV+1 _”lfv 1>H—1 H“Hl uy |- — ||UN _UN 1HH 1

Moreover, we bound the right-hand side of (4.12) using (2.2) to deduce that

k k=3 K+l ok k k k—3
[ ol ) | < IV AT — )1+ gl B
k+1 k-1 1 ket k-1
< uy'® —uy 15 + llun * —uy -
. ktdy kb3 ks k-3
As, by monotonicity, ([uy 2|2 —[uy 2]3,uy uy ?) >0, we obtain from (4.12) the

following inequality:

k+2 k——

k+1 _ b}
H -

A R s

Multiplying by 1/h and summing from k =1 to j, leads to

j+1 k41 k-1
(4.13) thUj _U“N”H 1 < thUN UNHH 1+ o h D) ZHU - uy 2”%171-
Writing
1 _1 1
“I;erz - uljcv ’ (U]JC\/le - UN +UN - U]zcv 1)
we obtain

k+1 k—1 1 1 ;
ZH o R 1 e o A 17 ot

Returning to (4.13) we get

1 k
[ +1—UNH

(4.14)

_“gvH%rl < Hu}v —U?VH%V Zh”u
2h2 - h? 4 4¢2

By Lemma 4.3 and the discrete Gronwall inequality, we deduce from (4.14) that

J+1 J
len = el <C ~ wh*(0,T; H~') bound.

4.15
( ) jefo,... . M—1} h?
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Step 2. Finally we use ¢ = v’ —uk, € Xy as a test function in (3.1) and obtain

k+1 ‘ k+1”$

— [luk 1%
—|—2<[ k+2]3,ulf\,+l—uN> 2< kts ulf\,ﬂ—ulfv>.

We estimate the term on the right by

||U _uN”H L+ |

ks k1 k511, Bt kit upt™ — -
(un" i =) < 19y b =l = B IIVuy | 22—

< Ch (1+ || vubF2)2),

where we have used (2.2) and (4.15). Similarly,
k+3
<[UN P, UIJC\;rl u?v>
k+313 k41 k+1 k
= (Pl 1l — ) < 9Py Ly P bt = ol

ol et d Ly [t — k|
< |IVuy 2Py = ulellm-r = 3hllfuy *]* Vay 2| =

el Miod P Mond iond]

Young ot d bl k+
< Ch(luy 2|7 + lluy > Vay *|1?)

k k k
< On (Il e+ a2 )

Young

k+1 k+3 kt+lo ki
< Ch(lluy 7 + lluy 12 + lluy > Vuy %)
Inserting this into the original test and summing through k£ = 0,..., 7, for any j €
{1,..., M — 1}, yields

: 1

k +

e (0 i A (e [ A (A

k=0

ISl

M-—1
e <1 ST T 2 + 2 e + [l Va2 |2>
k=0

By combining the bounds from Steps 1 and 2 of the proof of Theorem 4.1 (in par-
ticular (4.3), (4.6), and (4.7)) and noting that |[u%]|Z2 < C(u¢), the right-hand
side is bounded by a constant, independent of the discretization parameters, which
immediately yields the desired £>°(0,7; H') bound. O

THEOREM 4.5. There exist a universal constant § > 0 and a positive constant
C = C(e,u%) with the following property: suppose that (4.8) holds and that, for
h=At:=T/M, M > 2,

h < min(2,5/R*) &

4.16 \Y% < C and th ticul o < C.
(4.16) ke{r(Ijl ) Vb ||« and therefore, in particular, ke{r(Ijl HUNHL

gees Mg ke0,..
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In other words, the sequence of approximate solutions is uniformly bounded in space
and in time.

Proof. Again, let us divide the proof into two steps.

Step 1. In this first step we shall derive a uniform bound in the ¢2(0, T; H?) norm.

1 o
To this end we use the test function ¢ = Azulf\;r? € Xy in (3.1). Integrating by parts
twice leads to

S (V2 — k), V2 + ) s + RIVP G
+ h<v2[ ka3 ,qu’jV*%> = BVt R,
We now expand the term (VZ[u +2] VQUI;VJr%). Since
V2t = 3v (1 E]QVUI;V+§) = 6ut"? Vit @ vt 4 st e vt e

we deduce from Plancherel’s theorem (note that we exploit the commutativity of the
Fourier—Galerkin projectors with differential operators here)

(VT2 =3 [l R e
.
+6/Tgu];\,+2(Vuk+2 © VuttE) L v g
Hence,
(417) IVl s+ B2l 4 nluly vl 2
< §HV2 B 1120 + B V22

+6h

1
/ kJrQ(VukJr2 ® Vu k+2) : V2ulj\,+2dx )
']1‘3

(+)

It remains to bound the term (+); to this end, we proceed as follows:

(+)

Holdcr

1 1
VUl 2 2]l Tkt

Young 1

k k k
< gl IR 4 ||| vl R

1 k43 k43 k+3
< gllun VST 4 [Vl E G Va2

o1, kthge ki
< glluw 2V2UN2H2+C||VUN2HH1HVU P

Young 1

k+3 k43 k+3 k+3
< glun ViR IIV2 1% + Clluy Il2,

where 1n the transition from the third hne to the fourth line we have used that

HVuN : | is uniformly bounded thanks to Theorem 4.4. Inserting this into (4.17)
yields

1 h ki ket kit %
SIV2 B+ 2 IV G + Sl vl

1 1
< IVl s + ORIV |2
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Summing over k =0, ..., j for some j € {1,..., M — 1} yields

1 k+1 3h K+l k+1
HV2 NI 1+Z_||v2 2|\3+Z [y > V|12

M-—1
HV2 o +C S hIV P < ¢
k=0

where the last inequality follows from (4.6). We thus deduce that

M—1
(4.18) SRV, < ¢~ 2(0,T; HP) bound,
k=0
M-1 b+ bbd s
(4.19) hlluy 2 Vauy 2|72 < C.
k=0
Step 2. Using ¢ = —A(uf — k) € Xy in (3.1) we obtain
”ukJrl _ uk ”2 1 ot L kJr
PN (VS — VR 1) = (A Py )l k)
Using (2.2)
k4L ki k+1 k+3 ||uk+1 u HH*1
(A (un 1 ), ul = k)| < AIVP (g P -y ?) =

< ChV3([uk 28 =l 2],

where the last inequality follows from (4.15). Let us now evaluate the third-order

1
tensor V3[ulfv+2]3; we obtain componentwise, relying on Step 1,

k+3 k+2 2, k+3
s, 331 9 g k3 8uN Guy * k32 L oy

+3 k+ k+3 k+3 k+3 k+3
e <8uN FOPNE L DupT OPuy T DuyE 0%y )
= ou
N

+
o0x; ijawk Oxj Ox;0xy Oxy,  Ox;i0x;
1
ou k+2 Su k+2 Su k+2 . a3ul]cv+2

+6 8x1 8xj 8xk +3luy ) dx;0x;0x),

We shall bound the individual terms in this expression as follows:

k+i k+1 b+
I1Vuy > PI< [ Vuy [0 [ Vuy |
Thm, 4.4 k1
< O Vuy *[li~
(2.5) k+1 k41
< OIVPuy |[IIVuy 2l

g k+1 k+1
C(IV2uy 17 + IVPuy? [1%);
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similarly,
k+4 k+i k+3 k41
ey V2 [Vuy | H< (gl PN el ST
oun k+3 k+1 k+3
LRIV e+ R )
k+3 k+3 k+3 k+3
< (I VR R ),
Young 41 k+1 k+1 k+1
CIV>uy P+ IVPuy P + lluy> V2 )P);
and, finally,

ki k4 k+3 k+1
uy 21> Viuy 2 [ < lluy 2 |7 [ Viupy 2|

Young

k+3 k+3
SEO(uy E e # (IR %)
1 1
L o(vk 2 VR 2+ VR 2 1)
Thm 4.4 k41 k41
C(IV2ul 2|2 + VP 2 |?).

Thus, we have that

M—1
b+ k+3 k
Z ‘<A([UN 2]3_“1\7 2) UNJrl ulfv)>‘
k=0
= 2 k+i2 3 k+i.2 k+3 9o k+3 9
<O Y (V2N I+ VP2 2 4y 92y |2+ 1))
k=0

the right-hand side is bounded thanks to (4.6), (4.18), and (4.19).
All in all, by summing from 0 to some arbitrary j € {1,..., M — 1}, we obtain

zh'“

N UN||2 i+1
+ IVuy g < (IVuRllZ

M-
k+2 k+3y k1 k
+ ‘< — Uy ) un' —uy)

k=0

which yields the desired uniform ¢>°(0,7; H?) bound. O
Remark 4.6. The a priori bounds imply uniform bounds on sequences of inter-
polants

,_.

)

(u%”) C HY(0,T; L*(T%)) 0 L*=(0, T; HX(T?))
as N — oo and h N\, 0. It is routine now to obtain, for u® € H*(T?) with f, udz =m

and by virtue of suitable compactness arguments, a weak limit function u in the above
function space satisfying

ut + A(azAu — (u® — u)) +o(u—m)=0 and wu(0)=u’

in the weak sense. The weak solution u is unique in the class in which it exists.
Indeed, one easily obtains from Sobolev embeddings the following stability result:

1 t t
= )0 s + 5 / lu—vl2 ds < [[u® — o), + C(R) / I — o) ()% s,
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valid for all ¢ € (0,7] and all such solutions u and v with L°(0,7T; H?) norms
smaller than R > 0. Observe that by a standard approximation procedure, we
obtain such solutions for u® € H?(T?) only. Moreover, for solutions in this class
we have u; + e2A%u € L*(0,7;L?*) N HY(0,T; H-2). Hence, for u® € H3(T3),
D3u € L>(0,T;L?) and u; € L*(0,T;L*) (for finite T'), which can be deduced,
e.g., from Duhamel’s formula and the mapping properties of e~<"2’t This enables a
bootstrapping argument, and we obtain, for smooth initial data 1u°, a smooth solution
w: T3 x [0,T] — R, which may be extended to all T < co.

The regularity obtained in the above remark is independent of the nonlocal term
and the parameter o. This is so, because we rely on the regularizing properties of
e2A2y with ¢ > 0 fixed. Therefore, assuming sufficiently regular initial data, we
obtain smoothness of the analytical solution of the Cahn-Hilliard/Ohta-Kawasaki
equation; this will be essential in Theorem 5.1.

5. Convergence analysis. In the two previous sections we established the ex-
istence of a unique solution to the proposed numerical method (cf. Theorem 3.1) and
derived various bounds on norms of the sequence of approximate solutions. We shall
now derive an a priori bound on the error between the analytical solution and its
numerical approximation, assuming sufficient smoothness of the analytical solution
(cf. Remark 4.6). Our main result is stated in the following theorem.

THEOREM 5.1. Suppose that u® € H?(T3) with J[T3 u’dx = m, and that, for
T > 0, the corresponding unique solution u € H*(0,T; L*(T3)) N L*°(0,T; H*(T?)) to
(1.4), satisfying u(0) = u®, has the following additional reqularity:

w € H*(0,T; H1(T?)) N L>(0,T; H(T?))
with some s > 2. Suppose, in addition, that for a fized o € (0,2) and h =T/M,
h < ag?.

Then, there erists a constant C' = C/(g,u) such that

Bl

M-—1 N
ax luk — ult) s + (h S ubE - u(tk+%>||4> <C(h?+N*)

m
ke{0,1,....,M} Pt

and

1
2

M—1
<h S IV - vu(tk+%)||2> < C(h?+N'79).
k=0

Remark 5.2. The bound on the second term in the first displayed error bound is
optimal in terms of our assumption on the spatial regularity of the analytical solution
u € L>(0,T; H5(T?)).

Proof. The proof proceeds as in [11, 7]; i.e., we compare the discrete solution ul;\?_%
with the analytical solution u(t**2) evaluated at tF+2 = $(tF +¢5*1). In addition to
the bounds outlined in [11, 7], we exploit the monotonicity of the nonlinearity. This,
combined with the fact that we are using a spatial discretization based on a Fourier
spectral method, allows us to avoid assuming uniform bounds on the sequence of
approximate solutions, which were essential, for example, in [11].
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First, let us consider the partial differential equation (1.4) at time th+2 tested
with some ¢ = (—=A)~t¢, where ¢ € Xy; thus,

(ut0),, (0000, + () = (), 0).

Reordering and, by orthogonality, truncating the Fourier series of the analytical solu-
tion leads to

%<PNu(tk+l)_PNu(tk)’¢>H_l +<PNU(tk)+2PNU(tk+1)7 >§£
([P )
- PN’U,(tk)—I—PNU(thrl)
- ()
— ( Pyug(tF5) - ) ¢
5 ( 1

PNu(tk'H PNU tk >

1

+3 <PNu(tk)—2PNu(tk+ )+ Pru(t*h), ¢
), ¢

H-

)
— 5 (Pault) 2Pyt 5 Pyl o)
(P [Pru(? )P, 6 Pfu( )

N <PN {PJ\rU(t‘ﬂ)-FQPNU(tl~c+1)}3_PN[PNU(iH%)]37 ¢> .

In order to abbreviate various long expressions, we define, with ¢ € X N

w1 — Pow(t®
<EI‘I‘0(’U,),¢> P <PNUt(tk+%) _ Py (t + ) Py (t )7¢>H 1 ’

h

(Exry (), ¢) = —% (Pyu(t*) — 2Pyu(t*4) + Pyu(t**1), )
+ <PN [PNU(t‘“) +2PNU(75'”1)}3 — Py[Pru(t* )P, <z>>
+ (PulPyu( D) - Pylu(t ) 6).

(Brra (1), @) = % (Prulth) = 2Pwu(t3) + Pyu(t**),6)

To bound the error due to time discretization, we introduce the difference ef;

between the numerical solution and the projection of the analytical solution evaluated
at tF onto Xy, i.e.,

ek = uk — Pyu(t®) e Xy.

. . . . . k+3%
Consistently with our earlier notational conventions, we define ey 2 := Z(ek + ekﬂ).

Subtracting (5.1) from the discrete equation (3.1) and testing the result with ¢ = eN+ 2
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leads to

(5.2)
L/ kry2 k2 k+3 12
5 (e 32 = ek lFms ) +hllei 12

1 k k+3
< 5 (k%=1 = ek 131 ) + nlleh 113

k+d
N
3
k+ L PNu(tk) + PNU(tk+1) k+1 PNU(tk) + PNU(tk+1)
+h<PN[uN 2]S—PN[ 5 Uy 2 — 5

>0
- k+i  k+i k41
= h<eN ’en 2> +h<Err0(u),eN 2>H71
L L
+h <Err1(u), eljc\,+2> +h <Err2(u), el;\,+2 >§,e
k+3

h 3h k+1
< soalle 13 + 2NN F I + O (IBrmo(w)lF—s + B ()2 + [Brra(w)]3 ),

where, in the last line, we exploited (2.2). Insofar as the error terms are concerned,
the following bounds can be deduced from Taylor expansion, as in [11, 7]:

w(t ) — u( )y || ¢

By = [Py (et - LN <o [T ol

H-1 th

2 tk+1

1
[Bera () = [Py (u(t*) — 2(4%) + () | < on® /t e (D113 dt.
Let us now consider ||Erry (u)l]; for its first term we have that
tk+1

IPyu(t®) — 2Pyu(th4) + Pyu(d+)|2 < Ch3/ e (£)]2 dit,
tk

similarly as in the bound on Erre(u). For the second term of ||Erri(u)|| we proceed
similarly (cf. also [11]):

2

PN’U,(tk) + Pnu
Py >

1
< C(U A+ | Pyl Too .1, 11 (roy)) | Pnu(t®) — 2Pyu(t2) + Pyu(t*1)|1?

1\43
(tk+ )] —PN[PNU(t]H—%)]S

tk+1

< OB (1 + [ull w0 2us1e 29 / s ()] dt,

tk

where, again, the last inequality follows by Taylor expansion. Finally, for the last
term of ||Erry(u)|| we have that

| Px[Pru(t* )2 — Pylu(t*2)]?|?
1 1
<C(1+ HPNUH%M(O,T;HS('JT-?))) u(*+2) — Pyu(t*t2)?

<C(1+ HUH%OC(O,T;HS(Ts))) [l — PNUHQLw(o,T;B(Ts))
< C(l + HU’H%OC((),T;HS(qrs)))]V_QS7
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where we used (2.4) and (2.7). Taking all of the above into account and summing
(5.2) from 0 to some arbitrary j € {0,1,...,M — 1}, with h = At :=T/M, M > 2,
we get that

G412 hogm | ktd oo
len Iz-1 +§§ len 2 I%
k=0

j+1
> lleklE-r + C(ht + N72)
k=0

h

0 12
<llenllz-1 + 222

ho< A L
<8 Bs + 55 D ekl + sslleh I3 + Ot + N72),
k=0

where C' = C(eg,u?). Thanks to the hypothesis h < ag?, with « € (0,2) fixed, we get
that
(5.3)

J J
« it1 h k+i h —2s
(1=5) N 315 DNl 13 < el + 525 D ekl + Ot +N72).
k=0 k=0

As e} = 0, the discrete Gronwall inequality then implies that

M—1 2
(5.4) max [ledy || g1 + <h > ||ek+%||§£> <C(h®*+N79).

je{1,2,...,M} pors
The bound on the first term on the left-hand side implies that

kJr% 2 —s
max e 1 < C(h"+N77).
ke{0,1,....M—1} len * e < C( )

Thus, by function space interpolation between this last bound and the bound on

the second term on the left-hand side of (5.4), noting that €%, = 0 and therefore

1
2 _ 1,1
ey = €y, we have that

M—1 1
J B h k+34 <C h2 N5,
ekl + ( > I ) <c(n+N~)
Finally, by the triangle inequality,
lur — u(t®) | g-1 < lefllg- + [IPyu(t®) —u(t®)|g-1,  k=0,1,...,M, and
1 1
lup'? = u@ )| < llen 2 | + 1 Pxu ) —u(@*3)),  k=0,1,...,M —1.

By combining the last three displayed inequalities and noting the approximation result
(2.7), we deduce the desired error bound, with C = C(e,u?):

M-1 1
k k k3 k+1iyp4 2 —s
o — e >||H1+<h > i - 2>||> <O +N7).

This proves the first displayed error bound in the statement of the theorem.
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For the second bound, we return to (5.4) and note that the bound on the second
term on the left-hand side implies that

M-—1 %
(h 3 |vefv+2||2> < C(h2 4+ N7%).
k=0

Also,

1 1
IV (g ()| < [Vey* [+HIV(Pyu( ) —u@ )], k=0,1,..., ML
By noting the approximation result (2.7) to bound the second term on the right-
hand side of the last inequality, the desired error bound then follows by the triangle
inequality. d

6. Iteration scheme for the discrete problem. Theorem 3.1 guarantees the
existence of a unique solution defined by the scheme (3.1), with u%, := Pyu®, provided
that h < 8¢2/(1—40¢e?),. Theorems 4.4 and 4.5 imply that the sequence of numerical
solutions defined by the scheme (3.1) is bounded in various norms, uniformly with
respect to the discretization parameters h = At := T/M, M > 2, and N > 1,
provided that h < 2¢? (cf. Theorem 4.1) and h < min(2,5/R*)e? (cf. Theorems
4.4 and 4.5), respectively. We have also shown in Theorem 5.1 that the sequence
of numerical approximations converges to the analytical solution in various norms,
under the assumption that h < ae?, where a € (0,2) is a fixed positive constant.

Before embarking on our numerical experiments, we shall develop an iterative
method for the numerical solution of the system of nonlinear equations arising at a
given time level of the scheme (3.1). It is based on splitting the nonlinear operator into
a monotone nonlinear part and a (noncoercive) linear part. The monotone part of the
operator will then be dealt with using ideas from the theory of monotone operators,
similarly as in section 3, while the (noncoercive) linear part is handled via fixed point
theory. The practical relevance of this “convex splitting” is that one can rely in the
implementation of the method on well-developed techniques from convex optimization
and fixed point methods (cf. Remark 6.3). For ease of exposition, we shall concentrate
here on the case when

(6.1) m=+4 udr=0;
T3

the case of m # 0 can be dealt with by shifting u by its integral mean over T3, as in
section 3. This shift only has a consequence on the cubic nonlinearity but does not
affect its monotonicity properties and the argument for m = 0 can be therefore easily
adapted to the case of m # 0.

Recall that the equation (3.1) under consideration reads as follows:

E+1 .k ) ) ) X
(B00) (el + (e = () e
H-1
and can be rewritten as
k+3 < k+3 < k+313 >
2 (uy ,¢>H71+h ul ,¢>§£+h W2 g
41 o
:h<uN+27¢>+2<ulfv,¢>H_1 Vo € Xy

It will be convenient for computational purposes to reformulate the problem by means
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of the operator dj, : )D(N — )D(N defined by
(6.2) (st (), @) = 2 (u, @) g1 + b (u, ) + 1 (u%,0) Vo € Xn;

therefore we are to solve
(6.3) for uk € Xy find ulj\;r% € Xy
k+3 _ k+3 S
s.t. <£ﬂh(uN ), ¢>> - h< ,¢>> +2(uk,0) . Vo e Xn.

Let us note that in (6.3) we are not solving for u%™, but seek u/y g T (ul ul k)

. .. . k L
instead. Clearly, this is not a drawback because, given u’fv, once u +3 has been found,
]fv“ is also determined uniquely.

Remark 6.1 (properties of o). The operator s, is strongly monotone on )O(N in
the sense that

(st (2) = dn(2'), 2 = 2') 2 2l|z = 2|31 + hllz = 2|3
(6.4) =z —2|2 Vz,2' € Xy.

As o1, (0) = 0, it follows from (6.4) with 2/ = 0 that (si,(2),z) > ||z||? for all z € Xy,
and therefore ofj, is coercive on Xpy. Further, by Holder’s inequality and Sobolev’s
embedding theorem,

| {stn(2) = stn (=), ) | < Cle,w®) (L + |zl 30 + 11175) 12 = Z/llnllln V22" € Xy,

and therefore

(6.5)
s (2) = stn (2 ) < Clesu®) A+ [|2]170 + 2] 70) 12 = 2'lln V2,2 € X,

where the dual space [Xy]' is equipped with the dual of the norm |[| - [[5. Thus, in
particular, viewed as a mapping from XN into [XN] , 9, is continuous and (again,
since 5,(0) = 0) bounded. Thanks to the Browder—Minty theorem (cf. Thm. 10.49

n [21]), dp, is therefore bijective as a mapping from Xy into [Xy]'. By identifying,
via the Riesz representation theorem, [XN] with XN, we deduce that o, is bijective
as a mapping on XN, ie., for any f € X there exists a unique z € X such that

(6.6) dn(z) = f.

In fact, (6.6) can be equivalently understood as a minimization problem corresponding
to a strictly convex objective function ., : )O(N — R, whose Gateaux derivative is
dp(z) — f. It is important to note that o, is bijective for all h > 0, regardless of ¢;
in particular, in contrast with the proof of Theorem 3.1 where the nonlinear operator
under consideration only satisfied the hypotheses of the Browder—Minty theorem for
h < 8¢?/(1 — 40£?)4, here no such COIldlthIl on h is needed.

By virtue of (6.6), for a given u¥; € Xy and any z € Xy we may find a unique
Th(z) € Xy such that

(67) <‘91h(Th(z))7 ¢> =h <Zv ¢> +2 <u]]€\77 ¢>H—1 Vo € >0<N~

This then defines a (nonlinear) operator T, : Xy — X ~, and solving (6.3) is equivalent

1
to finding the unique fixed point z = uh N T2 of T},
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THEOREM 6.2. Suppose that o € (0,2) is a fized real number such that
h < ag?

and that the assumptions of Theorem 4.4 hold. Then, the sequence {z'}ien C }O(N
generated by the iteration

M =Ty(2Y) VIeNy with 2°:=uk,

. 1
converges in Xy to the unique fized point z = ul;\,+2 of Ty, and there exists a positive
constant ¢ = q(«) € (0, 1), independent of h and N, such that

1
(6.8) |\z—zl||hg1"ch(s,u0)h%, 1=1,2,....

Proof. The proof will be accomplished in two steps.

Step 1. First we prove that T}, : }O(N — }O(N is a contraction. To this end take any
z, 2 in Xy, define Z := Ty (z), Z’ := Ty(z') and, relying on the strong monotonicity
of dy,, we note that, for any 5 > 0,

\Z - 272 < (dAn(Z) —Apn(Z), Z = 2"y =h{z—2,Z 27"

h? 8 h
< Bllz =2 1H- + @IIV(Z -7 < == 2%+ h@HZ - Z'|%.
As % < %, it follows that

o B
(1- ) 12- 208 < G113
Suppose that  is a positive real number, independent of h and N, such that 8 > «/4
and |1 — 8] < y/1—(a/2). Clearly, the set of such § is nonempty; for example,
B = 1 satisfies these conditions for any a € (0,2). Let q := [28%/(48 — a)]%. Then,
0 < g < 1, and we have the contraction property

1Z = Z'||n < qllz = 2'[|n-
Step 2. It follows from Step 1 that

ql
—4q

|z —2Yn < I |zt = 2%n, 1=1,2,....

In order to complete the proof it remains to bound ||z} — 20|, = [|z! — uk; ||, where
z1 = Th(uk;). To this end, we rewrite
I = ui [l < (An(=!) = dn(uly), 2* —u)
=h <u]]€\/ - [UIZCV]Sa Zl - ulf\/> —h <u]J€\/7 Zl - ulf\/>y
1
< Ch{ IR I? + kel + ke 3 + 512" — el
1
<Ch+ 5”21 - u?v”izm

where in the last inequality we used that the expression in the curly brackets in the
penultimate line is uniformly bounded thanks to Theorem 4.4. We thus deduce, by
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absorbing a factor 2 into C' = C(e, u®), that ||zt — 2%/, < C(g,u°) h%, and thereby

l
l q

— <
Iz =2l < 77

O(e,u®) hz.
q( )

That completes the proof. d

Remark 6.3.
e On bounding hz by T'z, it follows from (6.8) that the convergence of the fixed
point iteration z!*1 := T}, (%), 1 =0,1,..., 20 := vk, is uniform in h and N.

e We only needed the results of Theorem 4.4 in the proof of Theorem 6.2; the
uniform bound obtained in Theorem 4.5 was not required. This is because of
the monotonicity argument used. )

e According to (6.7) and our definition of the sequence {z'};en C Xy,

(In(z"*1),8) = h (', 0) + 2 (uk 8) . Vo € X

Thanks to the strong monotonicity and continuous differentiability of the non-
linear operator dp on XN, the unique solution 241 € Xy can be computed,
for a given uk; € X N, from 2! € X N, to within a given tolerance, by Newton’s
method, which in this case exhibits global quadratic convergence on the finite-
dimensional vector space X ~; see, [22], for example, and references therein.

7. Numerical experiments. In order to assess the performance of the numer-
ical method formulated in section 3, we implemented it in MATLAB. For the sake
of computational efficiency, in our numerical experiments the computational domain
was taken to be the d-dimensional torus T?, with d = 1,2, rather than T%. We have
assumed in the numerical experiments that the initial datum has zero integral mean,
whereby (6.1) holds.

Even though the flow to the optimum of the Ohta—Kawasaki energy is a motiva-
tion for designing unconditionally stable schemes, within this numerical section (and,
in fact, in the whole contribution) we concentrate only on solving the Ohta—Kawasaki
equation itself. Therefore, it may well happen that the stationary states computed
here are metastable (cf., for example, the wiggly lamellar states in [20]). Neverthe-
less, because of our focus on the flow equation, we do not implement any advanced
techniques such as those from [5] to escape from these, possibly metastable, states.

We need to solve (3.1) for k =1,..., M — 1. As has been explained in section 6,
to this end we have to solve (6.3), which we do by expressing the problem in Fourier
transform space. Thus, given any function w € Xy, we denote by w(l) its Fourier
coefficients, with [ € Z%. The constraint (1.4) then corresponds to requiring that
@k (0) =0 for all k=0,1,..., M. We further have that

(71) (shn(w), e™) = [sh (w)](1)

% 1) + 210 (1) +

a

Uk

W(l) + [wxwxw)(l), 1€Z%\{0},

and for [ = 0 we set [.SZW](Z) = 0 so that o1, : Xy — Xy In (7.1) we denoted by
f x g the discrete convolution defined by

[fxgl(1) =Y fl—n)g(n) leZ%

nezd

with the convention of zero padding; i.e., for any w € }O(N, whose Fourier coefficients
are w(l) for | € Z4,, we set w(l) = 0 for all [ € Z¢ \ Z§.
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As was noted in the discussion preceding (6.6), the operator dj, is invertible and
thus for any f € Xy there exists a unique u € X such that

(7.2) [sth(W)](1) = f1) =0,  leZf.

As dlj, is strongly monotone, solving (7.2) is equivalent to solving the following (un-
constrained) minimization problem

Z ([M]()_%[()) (1) — min.

lezd,

We exploit this fact in the one-dimensional case (d = 1) by employing the MATLAB
built-in function fsolve, with a trust-region option in the algorithm, to solve the sys-
tem of nonlinear equations (7.2). In the two-dimensional case, because of the squared
number of degrees of freedom, we have used instead the MATLAB optimization soft-
ware TOMLAB/CONOPT to solve the convex optimization problem resulting from
the proposed discretization, and to calculate 9.1,:1.

Remark 7.1 (convolution). The most costly part of evaluating ¢, for the itera-
tions leading to the solution of (7.1) is the computation of the convolutions involved
in the Fourier transform of the cubic nonlinearity. To reduce the associated compu-
tational cost, we have used a fast convolution based on FFT of longer vectors than
those that enter into the convolution in order to avoid aliasing errors; cf. [17].

After calculating o1, ', (6.3) was solved by the fixed point iteration

i) o =[] . Lz \ {0},
[mh(uﬁ[gﬂ])r(z):[u’;ﬁ]r(z)ﬂﬁz [u’jj[g]} W), lezd\{0}, ¢=01,...,

where the last equation was solved as was indicated in connection with (7.2) above.
The stopping criterion for the fixed point iteration was

max
d
lezd,

[eitd] @ — [ ] (Z)‘ < TOL,

where the termination tolerance TOL was taken to be 10~7 in our numerical experi-
ments.

7.1. Accuracy and stability analysis in 1D. To assess the accuracy and
stability of the proposed method, we have conducted a series of numerical experiments;
they were performed in one space dimension (d = 1) because of shorter run times.

To test the temporal accuracy of the method (as the accuracy of a Fourier spectral
method in the case of a smooth solution is well known to be “exponential” (cf. [17],
for example)) we used a smooth initial datum, u°(x) = cos(z)/2, and took ¢ = 0.5
and N = 211; the time steps of the time interval [0,10] were chosen as h = 277
with j = 0 — 7. Note that N was intentionally taken to be relatively large, so
that the inaccuracy of the method really stems from the temporal discretization. Let
us denote by u}.. the numerical solutions corresponding to the parameter values
above. We then compared uicc to uAce, the latter being a highly accurate reference
numerical solution (corresponding to h = 271) playing the role of the exact solution
of the Ohta—Kawasaki equation for the parameter values above.
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-log,(err)

FiG. 1. Plot of —logy(err;) (black squares) with an affine fit through all points, and an affine
fit only through the last four points (higher slope).

Let us define

(7.3) err; := ||u{“CC — UAcelles= ([0,100;H-1 (%)),

and plot — log,(err;) versus j to verify the second-order convergence of the proposed
method; we expect a linear growth of —log,(err;) as a function of j, with slope 2.

The results of this test can be read from Figure 1 where the black squares are the
values of —log,(err;). Using ORIGINLab we fitted two affine functions to the data;
the first fit includes all data points and has slope 1.7, which is lower than what would
correspond to second-order convergence. We believe that this is due to the fact that
choices of h with h > 2¢2, i.e., those that do not fulfill the assumptions of Theorem 5.1,
are outside the asymptotic range for second-order convergence. This is confirmed by
the second fit for which only the points corresponding to h < £2 were considered—the
slope of the fitted curve is 2.07, which is very close to the theoretically predicted value
of 2. We note that no numerical instabilities were observed for any of the values of h
considered; in particular, we did not observe any numerical instabilities for h > 2e2.

Remark 7.2 (adaptive time stepping). In view of the computational results pre-
sented in the numerical experiment we have just described, we also implemented an
adaptive time-stepping method. Whenever the iterative scheme from section 6 failed
to converge in a given number of iterations (we chose 40, but in our experiments we
did not even encounter such a situation), we halved the time step while if the £°° norm
of the difference of two consecutive solutions was smaller than a chosen tolerance value
then we doubled the time step.

7.2. Morphological evolution in two dimensions. We shall now present
the results of two-dimensional (d = 2) simulations of pattern evolution for the Ohta—
Kawasaki equation (o > 0) using the proposed algorithm. When starting from a
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(a) Time =0 (b) Time = 1.05

(e) Time = 20 (f) Time = 50

F1a. 2. Pattern evolution in the Ohta—Kawasaki model starting from a uniformly distributed
random initial datum.

uniformly distributed random initial datum, morphological evolution is expected to
exhibit several time scales (cf. [6]): first, on a rather fast scale, phase separation
should be observed, i.e., regions where either of the two phases is favored are formed.
Then, on a slow scale, the morphology of this pattern changes until a stable state is
reached. In our case, since we work with the constraint (6.1), the only stable state is
a lamellar like pattern, so we can expect evolution towards such a state.

This is indeed confirmed by the computations presented in Figure 2, where black
represents the positive values (which, at later times, take a value near +1) while white
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corresponds to negative values around —1. It can be observed that after a very short
time (which, in our computations, was 3 units of time) phase separation becomes
noticeable while it takes another 50 time units for the solution to reach the unique
stable state, exhibiting a pattern with lamellae.

For completeness, we specify the exact parameter values that were used in the
computations whose results are depicted in Figure 2. The calculation was performed
with N = 243. We used ¢ = 0.2 and 0 = 3 so as to exclude the case when the
unique minimizer of the Ohta—Kawasaki functional to which the gradient flow of the
functional, described by the Ohta—Kawasaki equation, evolves is identically zero (cf. [6,
Thm. 3.1]). The time step was fixed at h = 1/200 throughout the computation so
that h < 2¢2, as is required in Theorem 6.2. Notice, however, that h is several orders
larger than 1/N? which shows that our method performs well also in this case while
usually h ~ 1/N? is required for stability elsewhere in the literature; see, e.g., [24].

For an animated evolution corresponding to this calculation and for the orig-
inal source files, the reader is referred to http://www.mathl.rwth-aachen.de/files/
benesova-webFiles/OhtaKaw.php
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