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ABSTRACT. In this paper we are interested in the finite-time stability of transi-
tion solutions of the Cahn-Hilliard equation and its connection to the Willmore
functional. We show that the Willmore functional locally decreases or increases
in time in the linearly stable or unstable case respectively. This linear analysis
explains the behaviour near stationary solutions of the Cahn-Hilliard equa-
tion. We perform numerical examples in one and two dimensions and show
that in the neighbourhood of transition solutions local instabilities occur in
finite time. Beside that we show convergence of solutions of the Cahn-Hilliard
equation for arbitrary dimension to a stationary state by proving asymptotic
decay of the Willmore functional in time.

1. INTRODUCTION

We consider the Neumann problem for the Cahn-Hilliard equation

(1) ur = A(—€2Au+ F'(u)) x €,
gu = 9 (—Au+F'(u)) =0, z €0

with © C R? is a bounded domain and d > 1, though we shall focus primarly
on the cases d = 1 and 2. F is a double well potential with F'(u) = 3(u® — u)
and € > 0 is the interaction length. Note that the function F’ is of bistable type.
Considering only constant solutions u = ¢ of (1), these are classified in the following

way. If F”'(u) < 0 then u corresponds to the so called spinodal interval (|u| < %)

and it is an unstable stationary state. Otherwise u corresponds to the metastable
intervals (i.e. u € (—1, —%) or u € (%, 1)) and is asymptotically stable, see [1]
for a detailed description.

The Cahn-Hilliard equation is a classic model for phase separation and subse-
quent phase coarsening of binary alloys. There the solution u(x,t) represents the
concentration of one of the two metallic components of the alloy. Solutions of (1)

have a time-conserved mean value

/ u(z, t)de = / u(z,t = 0)dx, for all t > 0.
Q Q
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A way of deriving equation (1) has been suggested by Fife in [1]. One takes the
Ginzburg-Landau free energy

62
(2) Elu](t) :/9(5|VU(17715)|2+F(U($,t)))dz

and looks for constrained (mass-conserving) gradient flows of this functional. The
Cahn-Hilliard equation (1) is obtained by taking the gradient flow of (2) in the
sense of the H~1(f2) inner product. The mass constraint is a consequence of the
natural boundary conditions for (1).

Using the ideas of [2] it is not hard to see that the Cahn-Hilliard equation
possesses a global attractor. Zheng proved in [3] convergence to equilibria for
solutions of (1) in two and three dimensions. In [4] the authors proved that solutions
of the Cahn-Hilliard equation converge to equilibria in dimensions d = 1,2 and 3.
In one space dimension the equilibria are isolated [5] and the global attractor is
finite-dimensional. Further Grinfeld and Novick-Cohen give a full description of the
stationary solutions of the viscous Cahn-Hilliard equation in one space dimension,
compare [6, 7]. So far equilibria have been determined and their properties studied
only in the one dimensional case. It is a major problem characterizing the equilibria
in more than one dimension. The reason is that the limit set of the solutions can be
large. However, some papers as [8, 9, 10, 11, 12] still provide certain special types
of equilibrium solutions.

A special type of stationary solutions of (1) are so called transition solutions,
which continuously connect the two stable equilibria -1 and 1. In one dimension
the so called kink solution ug = tanh 5> is such a stationary solution of the Cahn-
Hilliard equation. The radially-symmetric analogue in two dimensions are the so
called bubble solutions. In [13] asymptotic stability was shown for the kink solution
for fixed € = 1, i.e. small perturbations of ug in some suitable norm will decay to
zero in time. Further studies for the one-dimensional case describe the motion of
transition layers, compare [14, 15, 16, 17]. In [18] Alikakos and Fusco proved spectral
estimates of the linearized fourth order Cahn-Hilliard operator in two dimensions
near bubble solutions. Some of their results are discussed later in section 3.

In this paper we investigate the stability of transition solutions of the Cahn-
Hilliard equation in finite time and its connection to the Willmore functional.

The backward second-order diffusion (for |u| < %) in the equation gradually
affects the solution, which can result in phenomena like local instabilities or oscillat-
ing patterns, controlled by the fourth-order term on scales of order e. We are going
to show that in the neighbourhood of transition solutions small instabilities occur
in finite time. In general it is natural to study stationary solutions of the Cahn-
Hilliard equation by analyzing the energy functional (2). The energy functional
decreases in time since

d

3) GE0) + [ V(= Aua ) + Flule. ) do =0,

Because of this monotonicity the energy functional is not suitable for the study of
local (in space and time) behavior of the Cahn-Hilliard equation. Instead we present

analytical and numerical evidence that the numerically observed instabilities are
connected with the evolution of the Willmore functional.
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The Willmore functional of the Cahn-Hilliard equation (1) is given by

(4) Wlul(t) = - / (cAu(z,t) — L F'(u(e,1)))d,
4de Jq €

and is considered to describe the geometric boundary of two different stable states
and the movement of curves under anisotropic flows. It has its origin in differential
geometry where it appears as a phase field approximation for solutions of the so
called Willmore problem (cf. [19]). The Willmore problem is to find a surface T
in an admissible class embedded in R? which minimizes the mean curvature en-
ergy [n H? dS under certain constraints on the surface, where H = (k1 + kg)/2 is
the mean curvature and k1, ko are the principal curvatures of I'. For the analyti-
cal and computational modelling of a minimizing surface of the Willmore problem
the phase field method is considered among other approaches. In [20] the au-
thors consider solutions of a constrained minimization problem for (4) of the form

ue(x) = tanh %z

distance function to the zero level set of u. and h is an arbitrary function in C?(£2)
independent of e. They show that the level sets {u. = 0} converge uniformly to a
critical point of the Willmore problem as ¢ — 0.

In the following we use the Willmore functional to detect local instabilities in
finite time of transition solutions of (1) for small values of € << 1. As said above,
in one space dimension they are given by the kink solutions of the form tanh %.
In two dimensions we consider their radially-symmetric analogues called bubble

solutions.

+ eh with fixed mass and fixed energy (2) where d is the signed

To get an insight into the behaviour of the Willmore functional for solutions of
(1) we start with an asymptotic analysis. In section 2 we study the asymptotic
limit of solutions of the Cahn-Hilliard equation for arbitrary space dimension d >
1 by showing asymptotic decay of the Willmore functional in time. The main
challenge of the proof of convergence in this paper is that we avoid to use the
Lojasiewicz inequality as before, say in [4]. It was shown in [21] that gradient
flows in R? (and even in L?, compare [22]) fulfill the Lojasiewicz inequality which
implies convergence to equilibrium of solutions of the gradient system. For the
application to the Cahn-Hilliard equation it takes a serious effort to prove validity of
the Lojasiewicz inequality for gradient flows in H ~!, as proved in [4]. We circumvent
this difficulty and prove the following Theorem.

Theorem 1.1. Let u be the solution of the Cahn-Hilliard equation with initial data
u® = u®(x), either posed as a Cauchy problem in Q = R?, d > 1, or in a bounded
domain Q0 with Neumann boundary conditions. We assume

(5) /QF'(u)dx =0 for allt > 0.

For Q =R" further suppose
AU’ — F'(u°) and V(2 Au® — F'(u®)) are spatially exponentially decaying
as |x| — oo. Then it follows

lim Wul(t) = 0.

t—o0
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Remark 1.1. Note that the assumption (5) in Theorem 1.1 is no restriction on F.
Since [ F'(u)dz is a constant, we can rewrite the equation as

u = A(=2Au+ F'(u) F'(u)dx)

_ L
1 Jo
= A(=€Au+ f(u),
with, [, f(u)dz = 0 where f(u) is equal to F'(u) shifted by the constant Iﬁl\ Jo F'(u)dz.
In the case of Neumann boundary conditions it further follows from (1)

o o-hu+ fw)
on on o

Thus shifting F'(u) by a constant does not change the equation and assumption (5)
is reasonable.

The challenge of proving convergence of the Willmore functional is that it is
generally not monotone in time. To overcome this we construct a nonnegative
functional balancing the Willmore functional with the energy functional so that
the strong decay property of the energy takes the main role controlling increasing
parts appearing in the Willmore functional.

The next step is to analyze the behaviour of the Willmore functional and its
connection to the behaviour of solutions of (1) in finite time. For this sake we
consider the linearized Cahn-Hilliard equation. In fact the behaviour of solutions
of the nonlinear equation is similar in the neighbourhood of stationary solutions
to that of the linear equation. Sander and Wanner discussed in [23] that solutions
of (1) which start near a homogeneous equilibrium within the spinodal interval
remain close to the corresponding solution of the linearized equation with high
probability (depending on how likely it is to find an appropriate initial condition)
for an unexpectedly long time.

In particular we are interested in instabilities that appear both locally in time
and space. To motivate this better let us consider the Cahn-Hilliard equation near
a constant equilibrium state @ on the whole space Q = R%. Set v = @ + dv, § € R
small, then the perturbation v fulfills in first approximation

v =—e2A2v+aAv inR%t>0
v(t =0) = vo(x) in R4,
with @ = F" (@) = 5(3a* — 1). The above equation reads after Fourier transform
G(6t) = (= ¢ —algl*), €€RLE>0
bo(t = 0) = vo(§), £ €RY

This equation can be explicitly solved:

0(&,1) = exp (= €7 (€2 [¢]* + a)t)vio (6)-
If a = F”(@) < 0 (this means that @ lies in the spinodal interval (—1/v/3,1/v/3))

then 0(&,t) — oo for £ € {|§| < \/m/e} N supp 9y, i.e. frequencies < /lal/e
become amplified if they are present in the initial datum. In our case we consider
solutions in the neighbourhood of transition solutions, i.e. transition solutions
perturbed wherethey assume values from the spinodal interval. Referring again
to [23] the linear instability explained above is also valid for the nonlinear Cahn-
Hilliard equation for a finite time until the effect of the nonlinearity becomes strong
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enough to stabilize the solution again. This results in instabilities local in space
and time.

In section 3 spectral estimates for transition solutions tracing back to Alikakos,
Bates and Fusco (cf. [14], [18]) are presented for one and two dimensions. Further
the important role of the Willmore functional for finite-time stability /instability
analysis for the Cahn-Hilliard equation is motivated. For e fixed we linearize the
Willmore functional at a stationary solution of the Cahn-Hilliard equation (1) per-
turbed by an eigenvector of the linearized Cahn-Hilliard operator. We show that the
Willmore functional decreases in time for eigenvectors corresponding to a negative
eigenvalue and increases in the case of a positive eigenvalue. In other words

d
%W[v](t) <0 <= A<0 <= linearly stable

d
%W[v](t) >0 <= A>0 <= linearly unstable,

where v = @ + dvg, with @ a stationary solution of (1) and vy the eigenvector to
the eigenvalue A of the linearized equation. Roughly said this means that linear
instabilities - which correspond to positive eigenvalues of the Cahn-Hilliard equation
- can be detected by considering the evolution of the Willmore functional.

In section 4 we perform numerical computations for (1) near transition solutions
in one and two dimensions. We remark that in the past 20 years numerical approx-
imations of the solutions of the Cahn-Hilliard equation - for purposes different from
ours - have been studied by many authors, see [24] and [25] for further references.
We use a semi-implicit approximation in time and finite elements for the space
discretization in this paper. We start the computation at ¢ = 0 with a transition
solution perturbed within its transition area with values from the spinodal interval
of the equation. Motivated by the linear stability analysis of section 3 we discuss
stability in terms of the Willmore functional. We say a function u(z,t) shows an
unstable behaviour at time 0 < tg < oo if

%W[u](to) > 0.

Conversely, we say the function u(z,t) is stable for all times 0 < t < tg if

d

dtW[u](t) <0.
Organization of the paper. In section 2 we prove Theorem 1.1. The linear
analysis of the Willmore functional is given in section 3. Finally in section 4 we
perform numerical computations for the Cahn-Hilliard equation (1) near transition

solutions in dimensions 1 and 2.

2. PROOF OF THEOREM 1.1

In this section we present the proof of Theorem 1.1 which will be split in various
lemmas and propositions.

In the following the long time asymptotic behavior of solutions of the Cahn-
Hilliard equation is studied by exploring the Willmore functional. We consider the
d-dimensional case of the Cahn-Hilliard equation. All following arguments hold
true both for the Neumann boundary problem and the Cauchy problem in R? with
certain conditions on the spatial decay of the solutions. We start by introducing
some useful properties of the functionals in our setting of the stationary profile.
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Lemma 2.1. Let u be the solution of the Cahn-Hilliard equation as posed in The-
orem 1.1. Then for any test function ¢ = ¢(x,t) € CF(Q x (0,00)) we have

d € ,

G | oGVl + P do+ [ o9 au =Pl da
2

/ qst(%\wﬁ + F(u)) dz + %/ AG(F'(u) — Au)?dx

Q Q

—62/ V(Vé-Vu) - V(e Au — F'(u)) dx
Q

Lemma 2.2. Let u be the solution of the Cahn-Hilliard equation as posed in The-
orem 1.1 then we have

d (eAu— 1F’( ) d1‘+262/ |A(eAu — 1F’(u))|2clx
0 €

dt
= 2/ F"(u)(eAu — %F'(u))A(eAu — %F'(u))d:c,
Q
and
d 1 / 2 2 2 1 /! 2
G | (@eau= 2P )i+ 2 /Q(A (e — 2 F(u))da

—9 / F(u)A(eAu — %F’(u))Az(eAu - %F’(u))dm
Q

The proofs of Lemma 2.1 and 2.2 are straightforward.

Proposition 2.1. Let f,g € C*([0,00)) be nonnegative functions with g'(t) < 0
everywhere, supp f C supp g, SUDie supyp 95 and SUP;c supp g (fg)+ bounded, where

()T (t) = max{f'(t),0}. Under the same assumptions as in Theorem 1.1 and for
a sufficiently large constant C we have

pn / F(#)(eAu — fF )2dx + 7/ —|Vu|2 + F(u))dx| <0.
In particular, W u)(t) + CE[u](t) < W [u] + CE[u"].
Proof. Consider the functional
1., 9 C €2 9
t)= [ f(t)(cAu — EF (u))*dx + = g(t)(E\Vu| + F(u))dx.

By using the identity in Lemma 2.2 for the first term in Ulu](¢) and 2.1 for the
second term we derive

2
%U[u}(t) = f/(t)/(eAuf %F’( ))?dx + C;g (t )/5|VU|2 + F(u)dx

(1)  + f(t) [2/F"(u)(eAu - %F'(u))A(eAu - EF’(u))dw

62/|A(6Au — %F’(u))|2dm} — gg(t)/\V(—GZAu—&—F'(u))Fdx

We need the following Lemma to deal with the last term in (1).
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Lemma 2.3 (modified Poincare inequality on Rd). Let a > 0,Cy > 0,05 > 0 be
fized constants. Then there exists a positive constant Cy = Cy(a, C1,C3) such that
for any functions f in

Vacwca = € R [ fdo=0.1f@)] < Cre=¥ 1,

|f/(2)] < Coe™ | f| L2 for z € RYY,
we have

| flz2®rey < Col|V flp2(may-
By using Lemma 2.3, the right side of (1) can be bounded by

(RO N

+2f(t) sup |F"(u \/\eAu—fF )|~|A(eAu—%F'(u))\dm

Ju|<2
—25) /\A (e~ L' () P+ S0/ () Efu)(1).

This term is non-positive when C' is chosen to be large enough such that

507 swp [ @) = (700 = L0 (251 <

lu|<2

Cof () (sup|u <2 | F"' (w)])? 4 Col/en*

that is, choosing C' > 5eZ9(2) 0) for ¢t € supp g. a

Remark 2.1. Note that the Poincare inequality on R? is not valid in general.
Consider for example the function hy(z) = a5 ze=" with a > 0 and some fized
b>0. Then [h2dz = O(1) and [ h2dx = O(a?) as a — 0+. Therefore
|halre
|halre

as a tends to zero, which contradicts the Poincare inequality.

Finally we come to the proof of the main result of this section, Theorem 1.1.

Proof of Theorem 1.1. Step 1: Let

W g<i<i
f)y=4 2—t, 1<t<2,

and
1, t<2
Let C be a fixed constant chosen as in Proposition 2.1. The functional

Ulul(1) = 4ef(OW [ul (1) + 0(1) Eful(1)

is decreasing in time and Ulu](t = 1) < U[u](t = 0). That is,
C 1 C
Wi (t = 1)+@E[U](t 1) < §W[ ul(t=0)+ ” — E[u](t = 0).
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Step 2: For each n € N, setting f(t —n + 1) and g(t —n + 1) as in Proposition
2.1, we can again find inequalities for n — 1 < ¢ < n and obtain

(2) Wl(t=n)+ %E[u](t =n) < %W[u](t =n—1)+ %E[u](t =n-—1).
Set ay,, = Wu](t =mn). Then (2) can be rewritten as

1 c M
< = _ 2 / 2
ay, < 2an,1—|— 1 /n_l/QW( e Au+ F'(u))|*dzdt

where we used the decay property (3) of the energy functional from section 1.
Step 3: We want to show that a,, tends to zero as n tends to infinity. By an
iterative argument we get

an <(3)" 0
C 1 n—1 ! 2 / 2
+@<(§) /0 /Q|V(—e Au+ F'(u))|*dzdt+

2
7 [ [V )

1 n—1
+...+,/ /\V(—GQAu-i—F’(u))dedt
2 n—2 Q

+/nn1/Q|V(8Au+F’(u))2dzdt).

Using a standard fact from analysis formulated in the following Lemma 2.4 it follows
that a,, converges to 0 for n — oo.

Lemma 2.4. Let (ay,), (bn) are two nonnegative sequences such that their sums
Yo an and Y by, are convergent. Then

n
lim E a;b,_; = 0.
n—oo

i=0

We conclude our proof in step 4.

Step 4: It remains to prove that for any sequence (t,) tending to infinity,
Wu)(t,) converges to zero. To do so it suffices to prove that for any fixed in-
teger ¢ > 0, (W{u(t = 7))n converges to zero. Repeating the computations of Step
3 for the inequality (2) for all rational values of ¢ in between n — 1 and n the proof
is similar and we omit the details here. ]

Remark 2.2. Note that the proof of Theorem 1.1 also provides trivially decay of
wy in H2, namely
luel -2 = A(=€*Au+ F'(w))|| -2
<O\ — EAu+ F'(u)| 2
—0 ast — oo.

So we have shown that the Willmore functional asymptotically decreases to zero
under the assumptions of Theorem 1.1. This additionally proves that u; — 0 for
t — oo in H=2(Q) for every € > 0 and arbitrary dimension d.
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3. LINEAR STABILITY / INSTABILITY

In this section we consider the small time behavior of solutions of the Cahn-
Hilliard equation. We propose an analytic explanation of local-in-time instabilities
of solutions by comparing the eigenvalues of the linearized operator with the evo-
lution of the Willmore functional. We begin with a short discussion of spectral
estimates and conclude with presenting the new result.

For the one dimensional case Alikakos, Bates and Fusco showed in [14] that
there is exactly one unstable eigenvalue of the linearized Cahn-Hilliard eigenvalue
problem. For simplicity let D = [0,1]. They consider the problem linearized at an
invariant manifold M formed by the translation of a self-similar solution ué(x) =
ue(x — &) € M with parameter ¢:

(1) —2H" + (F"(u€)H') = MNe)H, 0<z <1,
H=H"=0 x=0,1.
The first eigenvalue is simple and exponentially small for small € > 0

21/65

I R R )

€

where 0 is a small positive constant given in the proof of (2) in [14] and v is a
generic constant, see [26]. The remaining spectrum is bounded from above by

N <-C<0,i=2,3,--

with C is positive and independent of ¢,£. Both results are contained in [14].

In two dimensions Alikakos and Fusco [18] proved that there is a two-dimensional
invariant manifold with exponentially small eigenvalues where the solutions asymp-
totically develop droplets on the boundary with a speed which is exponentially
small. Further they showed that the dimension of eigenspaces of superslow eigen-
values of the linearized Cahn-Hilliard equation on D C R? is at most d for d > 1.
For simplicity of explanation we consider the eigenvalue problem of the linearized
fourth order Cahn-Hilliard operator in D C R2. The results in higher dimensions
are analogous to this case. Let U(n) be the unique increasing bounded solution of
U"—F({U)=0o0nR, and V(n) a bounded function that satisfies the orthogonality
condition

/ T U@V (mdy =0,

where f(u) = F'(u). We consider a one-parameter family of functions u(x) repre-
sented by

£(z) = { U(2)+eV(52) +0(?), |y—pl <A,
Ue (.’E) - N €
qe(), ly—pl>A
where y = |z — £], p > 0 and ¢.(z) is an arbitrary function with f'(g.(x)) > ¢ > 0.
The function ué(z) represents a bubble with center ¢ € D and radius p.

The eigenvalue problem of the Cahn-Hilliard operator linearized in ué(x) is given
by

(3) A(—EA¢p + F (u)p) = Ao, x €D CR?
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with Neumann boundary conditions
dgp 0
an~ on
In [18] Alikakos and Fusco stated the following result.

(—2A¢ + F"(uf)p) = 0, x € 0D.

Theorem 3.1. Let \§ > \§ > \§ > -+ be the eigenvalues of (3). Let p> 0,6 >0
be fized. Then there exists an eg > 0 and constants ¢,C,C’ > 0, independent of e,
such that for e < ey and & € D with d(§,0D) > §, the following estimates hold true:
Ce > A >\ > —Ce™ ¢
A5 < —C'e.
The first two eigenvalues A{, A5 are superslow and the others are negative.

Now we present the connection between linear stability properties of the Cahn-
Hilliard equation and the Willmore functional. In the following we provide a linear
stability analysis around an equilibrium state ug satisfying

—e?Aug + F'(ug) = 0.
More precisely, we look for a solution of the form
u(z,t) = ug(z) + dv(x, t) + O(6%)

for sufficiently small 0 < § < 1 and some perturbation v(z,t). Due to mass
conservation we assume that v has mean zero for all times

/ v(z,t)de =0Vt > 0.
Q

We obtain the first-order evolution with respect to ¢ via the linearized equation
(4) vy = A(—=2Av + F" (ug)v) := ALgu.

We now compute the asymptotic expansion of the Willmore functional as § — 0.
It can be expanded as

(5) Wu] = Wlug] + 6W'[ugv + gW”[UO](U,v) +0(8%),
where the first and second order derivatives are taken as variations
W [uolv = /(—62Au0 + F'(up))(—€*Av + F" (ug)v)dx
and
W o] (v, w) = /(LOU)(LOw)dx + /(—62Au0 + F'(ug)) F" (ug)vwdz.
Since ug is a stationary solution, we have
W' uglv =0 and W"[ug](v,v) = /(Lov)zdx.

Now let vy be an eigenfunction of the linearized fourth-order Cahn-Hilliard op-
erator, i.e. there is A # 0 such that

A(Lo’UQ) = /\’UQ,

with Neumann boundary condition %Lﬂag = 0 and mean zero of vg. Note that A is

real since vy solves a symmetric eigenvalue problem in the scalar product of H!,
defined here as the dual of H*(Q) N {u: [,u dz = 0}.
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The standard linear stability analysis yields that the perturbation of ug by dvg is
linearly stable for A < 0 and unstable for A > 0. These two cases can be translated
directly into the local-in-time behavior of the Willmore functional, whose time
derivative at time ¢ = 0 is given by

d ! 1
ZWllle=o = OW’luo]vefe=o + 82 W [uo) (v, v1) |i=0 + O(67)

2 / (Lovo) (Love)de + O(5°)

52 /(Lovo)(LoALovo)dI + 0(53)
= 4 /(Lovo)(Lo()\Uo))dIJFO(‘SS)

= )\62/(L0v)2dx +0(8%).

This means that to leading order, the time derivative of W[u] has the same sign as
A, i.e., the Willmore functional is locally increasing in time in the unstable case,
and locally decreasing in the stable case.

4. NONLINEAR STABILITY / INSTABILITY

We expect the behaviour of solutions of the nonlinear equation (1) to be domi-
nated by that of the linear equation in the neighbourhood of stationary solutions,
compare section 1. Therefore numerical examples may very well give us a good
idea about the behavior of solutions and their connection to the Willmore func-
tional even for the nonlinear case. In the following a semi-implicit finite element
discretization for the Cahn-Hilliard equation is shortly described and numerical
examples are discussed.

4.1. Numerical Discretization. To discretize a fourth-order equation with bound-
ary conditions as above it is often convenient to write it as a system of two equations
of second order. In our case of the Cahn-Hilliard equation this results in the fol-
lowing system

ur = Av
v=—€Au+ F'(u),
with Neumann boundary conditions

ou Ov
— = — = Q.
= on 0, z€d

The following issues have to be taken into consideration.

e Explicit schemes for fourth order equations restrict time steps to be of order
O(h*), where h is the spatial grid size.

e Fully implicit schemes are unconditionally stable. The disadvantage is the
high computational effort for solving nonlinear equations.

e Semi-implicit schemes are a compromise between explicit and implicit dis-
cretization. Shortly said, semi-implicit means that the equation is split in
a convex and a concave part and discretized implicitly and explicitly re-
spectively, see ([27],[28]). Therefore the restriction on the step sizes is less
severe and we do not have to solve nonlinear equations.
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For these reasons we use the following semi-implicit approximation
u(t,x) — u(t — At, x)
At

Av(t,x)

v(t,z) = —€Au(t,z)+ F'(u(t — At,z))
+F" (u(t — At,2)) - (u(t,x) — u(t — At, x)).

Note that F’ is Taylor-expanded at the solution of the previous time step u(t —
At). For the space discretization we use linear finite elements on an equidistant
grid in one dimension and on a rectangular grid in two dimensions.

4.2. Numerical Examples. In the following examples we consider the solution
of the Cahn-Hilliard equation in one and two dimensions for different initial states
in a neighbourhood of a transition solution. In the one dimensional case the so
called kink solution is given by ug(x) = tanh (57). As a first approach in the one
dimensional analysis we take as initial value u(xz,t = 0) = wo(z) + p(z). The
function p denotes a particular kind of zero-mean perturbation, namely

() = {a-sin(fwc‘"fe) z€(=C-¢,C )

0 otherwise,

with amplitude a > 0, frequency f > 0 and support (—=C - €, C - €) with C' > 0. The
amplitude a is chosen such that values of u within the support of the perturbation
lie in the spinodal interval of the equation (which is the back diffusion interval).
Varying the parameter € and the support, the amplitude and the frequency of p we
want to observe how the solutions evolve in time. The behavior of the solutions
is further compared with the evolution of the corresponding energy functional and
the Willmore functional.

We begin with a fixed ¢ = 0.1. For the first two examples in Figure 1 and 2 a
fixed step size in space and time discretization was used. As spatial step size we
took Az = 0.05 - € and for the timesteps At = 10 - e. The parameters amplitude
and frequency of the perturbation are also fixed to 1. The difference between
the two examples is the support of the perturbation and dependent on this is the
convergence process.

In the first example an unstable state occurs. This means that over a certain
time interval the perturbation locally grows. The second example is stable in the
numerical computations.

In the first case the supporting interval for the perturbation is (—15¢, 15¢) (Figure
1) and we begin with an initial state having two peaks on both sides of zero. When
time proceeds the peaks grow in the beginning, resulting in an unstable transient
state. After this unstable state the solution converges to the kink solution. In the
case of the supporting interval (—3e,3¢) in Figure 2 the solution converges uni-
formly to the kink solution without transitional state.

Comparing the time evolution of our first two examples with the corresponding
energy functionals and Willmore functionals, we can easily see differences in the
graphs of functionals. We can see that in the unstable case the energy functional
almost has a saddle point, in the stable case it is rapidly decreasing. Also insta-
bilities seem to correspond to peaks in the graph of the Willmore functional over
time. The Willmore functional increases over a finite time interval in contrast to
the stable case where it decreases for all times t.
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FIGURE 1. (a)-(d): Evolution of the solution in time for ¢ = 0.1
and a zero-mean perturbation supported on (—15¢, 15¢) with a = 1,
f =1 and with corresponding energy functional (e) and Willmore
functional (f)

Another interesting phenomenon can be seen by starting with modified versions
of the perturbation p. For example we could shift the sinusoidal perturbation to the
left or to the right of zero to start with an asymmetric initial state. The example
in Figure 3 is a result of a shift of the perturbation used in the example of Figure
1. The shift of the perturbation leads to a shift of the kink solution asymptotically
in time as a consequence of conservation of mass. Considering again the Willmore
functional an increase in time, visibly caused by a transitional instability, occurs.
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FIGURE 2. (a)-(d): Evolution of the solution in time for ¢ = 0.1
and a zero-mean perturbation supported on (—3e, 3e) with a = 1,
f =1 and with corresponding energy functional (e) and Willmore
functional (f)

Considering the behavior of the perturbed solution in several numerical tests we
can further make claims on how the perturbation has to look like such that an un-
stable state occurs. For a fixed ¢ << 1 we can see that the length of the supporting
interval is most relevant. Extending the supporting interval of the perturbation
brings with it an extension of the time interval and the size of the instability as
a consequence, compare Figure 4 right diagram. If the supporting interval is too
small no unstable state can be seen, compare Figure 2. Also the amplitude and
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FIGURE 3. (a)-(d): Evolution of the shifted solution in time for
e = 0.1 and a zero-mean perturbation supported on (—15¢, 15¢)
with a = 1, f = 1 and with corresponding energy functional (e)
and Willmore functional (f)

the frequency of the perturbation have an influence on the occurrence and size of
the instability. With growing amplitude of the perturbation, the time interval and
the size of the instability change, compare Figure 4, left diagram. If the ampli-
tude exceeds a certain threshold the solution will not converge to the kink solution
anymore. Furthermore the higher the frequency of the perturbation the faster the
solution converges to the kink solution. Therefore the higher the frequency of the
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instability for different amplitudes of the perturbation (a) and dif-
ferent supporting intervals of the perturbation (b). € = 0.1 fixed.
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FIGURE 5. Length of the time interval of the instability for differ-
ent values of e for a perturbation supported on (—15¢, 15¢) with
a=1, f=1

perturbation the smaller the time interval of the instability. Because of the impor-
tant role of the support of the perturbation it seems that perturbations with high
frequency bring no additional information for the study of the time-local instability.

By changing the parameter € one can see that with decreasing e the time interval
of the instability decreases. In Figure 5 the point in time of the maximal amplitude
of the instability is shown for different e. The maximal amplitude of the instability
stays approximately the same.

In the two dimensional case the analogue of the kink solutions are the so called
bubble solutions. In Figure 6 the evolution of a solution of the two dimensional
Cahn-Hilliard equation near a bubble solution over a finite time interval is shown.
In this example we used equidistant space and time discretization Az = Ay = €
and At = €. As initial value we take a radial-symmetric bubble solution perturbed
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FIGURE 6. Surface plot (a)-(b) and vertical cut (c)-(d) of the so-
lution for ¢ = 0.1 perturbed with a sinusoidal wave in x—direction.
(e) shows the bubble solution and (f) the Willmore functional

by a sine wave in x;—direction. For a better comparison with the one dimensional
case a vertical cut in x5 = 0.5 of the solution is shown. Again the solution exhibits
a local growth of amplitude before converging uniformly to the stationary solution.
Especially near x; = 0.5 the solution incipiently tends away from the bubble solu-
tion. As predicted this phenomenon causes an increase of the Willmore functional
in a short time interval before it decays to 0.
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5. CONCLUSION AND OUTLOOK

We considered local instability and asymptotic behavior of the Cahn-Hilliard
equation in the neighbourhood of certain transition solutions. We found that study-
ing instabilities of the Cahn-Hilliard equation in finite time is closely connected to
studying the monotonicity behavior of the Willmore functional.

In section 2 the large-time limit of the Willmore functional was shown to be zero
in a general setting. With this result also the convergence of u; — 0 in H~2(£2)
and in L?(Q) respectively for solutions u of the Cahn-Hilliard equation in arbitrary
space dimension was proved. The main challenge of our proof of convergence is
that we avoid to use the Lojasiewicz inequality as done in previous works. The
asymptotic decay rate in arbitrary dimensions is however still a challenging prob-
lem. Further we find that the Willmore functional is a good surveying quantity to
study structures of instability patterns of the solutions. In section 3 a formal com-
putation for the Willmore functional, asymptotically expanded in the eigenvectors,
strengthed our conjecture about the connection between the Willmore functional
and the stability of solutions of the Cahn-Hilliard equation. Motivated by the linear
analysis, in section 4 local instabilities in finite time of solutions of the nonlinear
Cahn-Hilliard equation near transition solutions were found numerically in one and
two dimensions and compared with the behavior of the corresponding Willmore
functional. We found the Willmore functional to be monotonically decreasing if
the solution converges to the equilibrium state without transitional instability and
having maxima when local-time instabilities occur.
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