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1 Introduction

Let 0 < T < oo be a some fixed time, Q& C R™ (n > 2) be a bounded domain whose
boundary I' := 0L is smooth. Denote J := (0,7), @ := J x Q and ¥ := J x I". We
consider the following Cahn-Hilliard equation

ou— Ap =0 in Q, (1)
p=—Au+ F'(u) in Q. (2)

Here u is the order parameter, u and F' are the chemical and physical potentials, respec-
tively. In this paper we improve one of following two boundary conditions:

Ap+ b0, ~+cpp =0 on X, (3)

— aAru+ dyu+ G'(u) = p/b on X, (4)
or

Ap~+ b0, — cArp =0 on Y, (5)

— aAru+ Ou+ G'(u) = p/b on Y. (6)

The first one appears the case that the domain has porous (permeable) walls and the
second one corresponds to non-permeable walls.

In the boundary conditions, «, b, ¢ are positive constants, Ar is the Laplace—Beltrami
operator on I', v is the unit outward normal vector to I' and G is the nonlinear term which
comes from the surface energy. A typical example of F' and G are F(u) = (1/4)(u? — 1)?
and G(u) = (gs/2)u* — hyu with g, > 0, h, # 0. We also treat the case ¢ = 0 in subsection
2.4.

Our aim of this paper is to prove existence and uniqueness of this Cahn—Hilliard
equation with these boundary conditions in maximal L, spaces for 1 < p < oo. So far,
the study of the Cahn-Hilliard equation has been considered in Ly frameworks. The L,
approach has been done by the papers [18, 19] but only for the classical dynamic boundary
condition. In the last decades, other type of boundary conditions has been considered and
discussed in L, frameworks. See the next paragraph for the previous works. However,
as far as we know, the study of L, frameworks has not been treated under our boundary
conditions yet. In this paper we fill this gap by a simple approach using the linear theory
of abstract parabolic equations constructed in the paper [5]. The authors considered the
equations called relazation type, which contains our linearized Cahn—Hilliard equation
with the boundary conditions we consider. So we obtain the maximal L, regularity
result on the linearized equations. For the nonlinear Cahn—Hilliard equation (1)—(2) on
permeable walls (3)—(4) and on non-permeable walls (5)—(6), we prove local existence
and uniqueness of solutions by fixed point argument. The key is to show the contraction
property of non-linear term by restricting a small time interval and taking exponent p
large, see Proposition 2.2 and Proposition 3.2. To extend global solutions, we use energy
estimates from integration by parts. Combining with a priori estimates, we claim that
the unique local solution does not blow up at any time, which means the solution is a
global solution.
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The Cahn—Hilliard equation is known as describing the spinodal decomposition of
binary mixtures, which we can see in the cooling processes of alloys, glasses or polymer
mixtures (see [1, 13, 16, 17]). For the study of the Cahn—Hilliard equation, various
boundary conditions has been considered. At first, we would like to mention the following
usual boundary conditions:

Oyt =0 on ¥, (7)
du=0 on Y. (8)

The condition (7) derives that the total mass fQ udz does not change for all time ¢ > 0.
The other condition (8) is called the variational boundary condition since it derives that
the following bulk free energy

Fo(u) :z/g)(%]Vu\Q—i—F(u)) da ()

does not increase with (7). For the Cahn-Hilliard equation (1)—(2) with (7)—(8), the
global well-posedness result and large time behavior were constructed. See [6, 21, 22].

However, in [13] it was proposed by physicists that one should add the following surface
free energy

Fr(u) = /F (S19ruf? + Gw)) ds (10)

to the bulk free energy Fq(u), where Vr is the surface gradient. Together with the no-flux
boundary condition (7), the total energy FE(u) = Eq(u) + Er(u) makes non-increasing
when the dynamic boundary condition

alAru — dyu + G'(u) = I‘iut on X, (11)

S

is posed, with some I'y > 0. For this problem, see e.g., [3, 18, 20, 23]. We would
like to mention the paper [18]. The authors of [18] obtained results on the maximal
L, regularity of the solution and asymptotic behavior of the solution of this problem.
Moreover it has shown the existence of a global attractor. These results was extended to
the non-isothermal setting by a similar maximal regularity result in [19].

The Wentzell boundary condition (3) we would like to study was proposed in the paper
[8]. Thanks to the boundary condition (4), the total energy F(u) is non-increasing:

d
L Blu(t)) = —/ V2 — & / 12dS <0 (t>0). (12)
dt Q b Jr

Since 4( [, udzx + [Lu%) = —c [ n%, the case ¢ = 0 corresponds to the case of the

conservation of the total mass in the bulk and on the boundary. In the paper [8] the
existence and uniqueness of a global solution were proved via the Caginalp type equation,
which is the similar method in [20]. Later in [9], these results were extended under
more general assumptions. In the papers [23](c > 0) and [10](c = 0), it was shown that
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each solution of this model converges to a steady state as time goes to infinity and their
convergence rate by using Lojasiewicz—Simon inequality.

In contrast to permeable walls, recently, the Cahn-Hilliard equation (1)—(2) with (5)-
(6) in the non-permeable walls was considered, e.g., [2, 11, 12]. The first boundary
condition (5) represents the Cahn-Hilliard equation on the boundary I'. The second
boundary condition (6) called the variational boundary condition (4) leads non-increasing
for E(u). In this system, [, udz + [ u% is constant. The existence and uniqueness of
weak solutions and their asymptotic behavior were shown in [12]. The well-posedness
results for this equation with singular potentials in [4] and numerical results in [7] were
also studied. More recently, another boundary condition was proposed in [14] via an
energetic variational approach that combines the least action principle and Onsager’s
principle of maximum energy dissipation.

In this paper we prove the global existence and uniqueness of the Cahn—Hilliard equa-
tion on permeable and non-permeable walls in maximal L, regularity spaces. This article
is organized as follows. In Section 2, we study the equation on permeable walls. In sub-
section 2.1, we give the linear theory. We use the general theory of maximal regularity
of relaxation type proved by Denk-Priiss—Zacher [5]. We collect their result in Appendix
A and apply it for the Cahn—Hilliard equation on permeable walls in Appendix B. In
subsection 2.2, we give local well-popsedness of this equation by using usual fixed point
argument. The estimate we use is essentially based on the paper in [19]. In subsection
2.3, we extend this local solution to the global solution by a energy estimate and a priori
estimate. In subsection 2.4, we focus on the case ¢ = 0 in the boundary condition (3).
Since the estimates used in subsection 2.3 are different from the case ¢ > 0, we calculate
the case ¢ = 0 again. We are able to get existence and uniqueness result as well. In Sec-
tion 3, we study the equation on non-permeable walls. The strategy for non-permeable
walls is almost same as Section 2, so we show a few estimates and give some comment,
then we state our results.

Before we study the Cahn—Hilliard equation, we would like to mention about the
equation on the boundary. In this paper we distinguish u, ¢ in the domain and wur, pur on
the boundary, but u|r = ur, u|r = pr, where “|p” is the trace operator on the boundary
I'. Moreover for the boundary condition (3) and (5), we replace (Ap)|r with dyur since
Oy = Ap in the domain §2. So the equations we analyze are as follows

Ou=Au, p=-—Au+ F'(u) in @,
Owur + b0, p + cpr = 0,  —alArur +du + G'(ur) = &° on X,
ulp = ur, plp = pr on X,

w(0) =up in, wur(0)=wuyr onl.

and
Ou = Ap, p=—Au+ F'(u) in Q,
Oyur + b0, pt — cArpr =0,  —aArur + O,u + G'(ur) = &- on X,
ulp = ur, plr = pr on X,

w(0) =up in 9, wur(0)=wugr onT.



281

Here note that the unknown functions are v and ur. We do not use the functions p and
ur except for energy estimates.

Throughout this paper, we use fractional Sobolev space W;(J, X) for a Banach space
X, s € Rsp\Nand 1 < p < oo, which is characterize as follows. Let [s] € NU {0} and
{s} € (0,1) be s = [s] + {s}. Then by using real interpolation method, it is

Wy (], X) = (W, X), W (1, X)) sy
Similarly, Besov space is defined as follows.
B;,(Q) == (W, (92), W (Q)) .-

To treat nonlinear term, let C™~(R)(m € N) be the space of all functions f € C™ }(R)
such that 0% f is Lipschitz continuous for each |a| = m.

2 A Cahn—Hilliard equation on permeable walls

2.1 The linear theory

In this section we study the following linearized equation of the form

atU -+ AQU == f in Q7
(%) Oyur — b0, Av + bed,v — abcArvr = g on X,
vlr =vr, —(Av)|r —b0,v + abArvr = h on X,

v(0)=v9 in€Q, wvr(0)=vr onl.

Here the functions f, g, h, v, vor are given and v, vr are unknown. Since this linearized
equation is included in the general framework studied by [5], we collect and write down
these results in Appendix A, and apply it in Appendix B. Then we get the following linear
theory.

Theorem 2.1. Let  C R" be a bounded domain of class C* and 1 < p < oo be
p # 5/4,5/2,5. Let kg = 1/4 —1/(4p), k1 = 1/2 — 1/(4p). Then the linearized Cahn—
Hilliard equation (%) admits a unique solution
(v,vr) € Z X Zp = (W;(J, L,(Q))NL,(J, W;(Q)))
x (Wt (J, Ly(T)) N W (J, W5 (I)) N L,(J, W 4(T)))

if and only if

(fig:h) € X xYyxV,

= Ly(J, Ly(Q)) x (W5 (J, Ly(T)) N Ly(J, W (I)))
x (W (J, Lp(1)) N Ly (J, WH(T))),
(vo, vor) € mZ x wZp = By *P(Q) x By Y7(D),
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and the compatibility conditions

vo|r = vor onT if p>5/4,
— (AUQ)|F — bayU()F + abAF’UOF = h|t:0 on I’ if p > 5/2,
gli=0 + b9, Avg — bed,vg + abcArvor € B;;S/p(l“) if p>05.

are satisfied.

Remark 2.2. If we use time weighted L, maximal regularity result, then we are able
to relax the compatibility conditions while the regularity class of the solution for ¢t > 0 is
same, see [15].

2.2 Local well-posedness

In this section we prove the local well-posedness for the Cahn—Hilliard equation on per-
meable walls

Ou + A?u = AF' (u) + f in Q,
(CH) Oyur — b0, Au + bed,u — abeArur = —b0, F'(u) — beG'(ur) + g on X,
"Vulp =ur,  —(Au)|r — bd,u + abAprur = —F'(u)|r 4 bG' (ur) on X,

w(0)=wuy in, ur(0)=wuyr onl.

Here F' € C*(R),G € C?(R). The original equation we explained in the introduction
is the case f = g = 0, but we are able to add non-homogeneous terms f, g. We will prove
existence and uniqueness of this solution. So first we need to consider the compatibility
conditions for the boundary. Let (g, ug,uor) € Yo X 7Z x wZr satisfy the following
compatibility conditions

Uo|r = uor on ' if p>5/4, (13)
— (Aug)|r — bdyuor + abArugr = —F'(ug)|r + bG'(ugr) on T' if p>5/2,  (14)
Gli=o + 00, Aug — bcd,ug + abeArugr

— b9, F'(ug) — beG' (uor) € B),P(T) if p>5. (15)

We use the notation J, := (0,a) C J, X(a), Y;(a)(i = 0,1) and Z(a), Zr(a) to indicate
the time interval under consideration.
We can state now the following main result of this section.

Theorem 2.3. Letl <p<oobep>(n+4)/4 andp#5/2,5, and let (f, g, uo, uor) €

X(T)xYy(T)xwZ x7Zp satisfy the compatibility conditions (13)—(15) and F € C*~(R),G €
C?* (R). Then there is an a € (0,T] and a unique solution (u,ur) € Z(a) x Zr(a) of
(CH)per.. Furthermore the solution depends continuously on the data, and if the data

(f,g) are independent of t, the map (ug,uor) — (u(t),ur(t)) defines a local semiflow

in the natural phase manifold M defined by 72 X nZr and the compatibility conditions

(13)—(15).
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Proof. The proof is based on the contraction mapping theorem. At first we take the
function (u*,u}) € Z(T) x Zp(T) that is the solution of the linearized equation

ot + Au* = f in @,
Oy — b0, Au* 4 bed,u* — abcAruf =g —g on X,
wlp = uh,  —(AuH)|p — bd,u* + abArut = —h on X,

u*(0) =wup inQ, u}(0)=wugr onl.
Here

. J0 if p <5,
I= N e 200, F' (uo) + beG (ugr)) i 5 < p,

P 0 if p<5/2,
o e_tAIQ“ (F/(UO)|F — bG/(Uor)) lf 5/2 < P,

are the modified terms, so that we are able to use linear theory. Note that —A is the
generator of an analytic (Cp)-semigroup in Bpp™/"(T') and Bapy”/”(T).
For given a € (0,77] to be fixed later, we define

E :={(u,ur) € Z(a) X Zr(a) | ulr = ur}, oE :={(u,ur) € E| (u,ur)|=o = (0,0)}
with canonical norm || - |z and
F:= X(a) x Yo(a) x Yi(a), oF :=A{(f,9,h) € F|hli=0 =0}
with norm || - ||p. Define the linear operator L : E — F by means of

8t1) + A2’U
L(v,vr) := | Gwwr — b0, Av + bcd,v — abcArvr
—(AU)’F — ba,/’l) + OébAF’UF

By theorem 2.1, L : jE — (F is linear, bounded and bijective, hence an isomorphism.
Next we define the nonlinear mapping N : E x oE — (F by

AF'(u* + v)
N((u,ur), (v,vr)) == | =09, F'(u* +v) — beG'(uf +vr) + g
—F'(u* +v)|p + bG' (up +vr) + h

We will show the key proposition, which needs to use contraction mapping theorem
and to show the range of N is oF. Let Bg((0,0)) C (E be a closed ball with center (0,0),
radius R > 0, and set Br((u*, u})) := (u*, uf) + Bgr((0,0)).

Proposition 2.4. Letp > (n+4)/4, F € C*"(R),G € C**(R), J, C J and R > 0.
Then there exist functions \; = \j(a) with X\j(a) - 0 asa — 0, j =1,---,5 such that
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for all (u,ur), (v,vr) € Br((u*,u})) the following statements hold:

[AF (u) = AF'(v)]|x
10, F" (u) — 9, F'(v) ||y
|G (ur) — G'(vr)|ly,
1F'(w)lr — F'(v)|rlIv
|G (ur) — G'(vr)|lv,

VAN VAN VAN VAR VAN

i
N N N N /N
\_/VE/\_/\_/
=====
@
S
S
N N e N N
|
N N N N N
v@
S
=
S N N N N
=

The first and second inequalities are the same in [18, Proposition 3.2] and the others
are easily followed.
We see that u = u* + v, ur = ufs + vr is a unique solution of (CH),e,. if and only if

L(v,vr) = N((u*,u}), (v,vp)) ie. (v,vp) = L7N((u*,uf), (v,or)) (16)

L(u* +v,uf +vp) = L(u*, uf) + L(v, vr)

f AF'(u* +v)
= g—g |+ | —bOF(u+v)—bcG (uf +vr)+g
| —h —F'(u* 4 v)|p 4+ bG' (uf + vr) + h
[ AF'(u* +v)+ f
= | —=b0, F'(u* +v) — bcG'(uf +vr) +g |,
i —F'(u* 4+ v)|r + bG'(uf + vr)

(u* 4+ v,uf 4+ or)(0) = (u*,u)(0) + (v,vr)(0) = (uo, uor).

Define the operator S : Bz((0,0)) — o by means of S(v,vr) := LN ((u*, u}), (v, vr)).
We show that the operator S is a contraction map on Bg((0,0)) with small time interval
Ja.

First we prove that SBg((0,0)) C Bg((0,0)) by the following calculation. Let (w,wr) €

15 (w, wr)lle < L7 2w I N ((w", up), (w, wr)) e
< C(IN((u*, up), (w, wr)) = N((w", ur), (0,0))[[r + [N ((v", ur), (0,0))]|¢)
< CIAF (" +w) = AF'(u)l|x + 10, F'(u" + w) = 0,F (u”) [y,
+ |G (up + wr) = G'(up) [y + [F'(w” + w)le = F'(u)rlly, + |G (up + wr) — G (up) Iy,
+IAF (u)llx + 10, F (w) vy + G (ur) v, + (171l
I @)lellys + 16" wi)llvs + [1Allys)
< CA(a)[(w, wr)lle + 1AF (w)[lx + 10, F (")l + 1G'(ur)llv, + 13llvg
+ I @)lellv, + 16 @i)llys + 1llv:)

for some function A(a), which goes to 0 as a — 0, since (u*,u}), (u* + w,u} + wr) €
Br((u*,ut)) and Proposition 2.2. The remaining terms [|AF'(u*)||x(a), [|OF"(v*)|lvo(a),
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I (i) lvaa), 19lvac@s 1 (@)lellvacays 16" (i) llviga), IBllvica) also goes to 0 as a — 0. So
we have [|S(w,wr)||g < R, i.e. SBr((0,0)) C Br((0,0)) when a is sufficiently small.
We next show the following contraction property. Let (wy, wir), (we, wer) € Bg((0,0)).

|5 (w1, wir) — S(wa, wor) &
<Y eem 1N (@, uph), (wi, wir)) = N((w”, up), (wa, war))||e
<C(|AF'(u" +wi) = AF'(u" 4+ w2) || x + |0, F'(u” +wi) — O, F' (u" + w2y,
+ |G (ur + wir) = G'(ug + war) ly, + [[F"(ur + wir) e — F'(up + war)|r|lv;
+ |G" (up + wir) — G'(up + war)[|v;)

1
§§H(w1, wir) — (w2, war) ||&,

provided a is sufficiently small by Proposition 2.2.

Therefore from the fixed point theorem, we get a unique solution (v,vr) € Bg((0,0))
such that (v,vr) = LN ((u*, uf), (v,vr)). The function (u*, uf) depends continuously on
the data f, g and (v,vr) depends continuously on (u*,uf). This implies that the unique
solution v = u* + v and up = uf + vr of (CH),e. depends continuously on the data
as well. If the data f, g are independent of the time, then translation is invariant. So
the solution map (ug,uor) +— (u(t),ur(t)) defines a local semiflow in the natural phase
manifold 77 x wZp and the compatibility conditions (13)—(15). O

Remark 2.5. This proof also show that the existence of maximal time interval J,.. =
(0, @max ), which is characterized by

lim wu(t) does not exist in 77
t—amax

lim wur(t) does not exist in w7
t—amax

and/or ||(u7 uF) H]E(amax) = 00,
if amax < T
2.3 Global well-posedness

In this section we consider the global solution for the equation with non-homogeneous
terms f, g;

Ou=Ap+f, p=—-Au+F'(u) in Q,
Oyup + bO,p 4 cpr = g, —alArpur + dyu + G'(ur) = 4F on X,
ulp = ur, plr = pr on X,

uw(0) =up inQ, wup(0)=wugr onl.

As we explained in introduction, the unknown functions are only u and ur though we
use 1 and pp. By the subsection 2.2 there is a unique solution on some maximal time
interval Jax = (0, Gmax). We fix some arbitrary J, for 0 < a < apax(< T) and show the
boundedness near the point ¢ = a from a priori estimate derived from energy estimate.
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Multiplying the equation by w and pu, integration by parts and the boundary conditions

lead
d (1, , 1
—( =|u +—Vu2+/Fu>+Vu2
i (Gl + 51vuB+ [ F) 19

—/Vu-Vu+/upa,,u+/8tuF8Vu+/upayu+/fu—l—/fu,
Q r r Q Q

d (1 1 c
= & (G givut+ [ P+ |uf|2p)+|vm§+—|ur|§,r

/Vu Vu——/urup—l—/atw ) /fu—l—/fu—l— /gup
__/QVN'VU_Z‘)/FUF,UF+/Fatur‘(04AFuF+G,(UF))+/qu+/gf[/u+%/FQ,UF

d (1 1 1 « c
= & (gl 9B+ [ P+ pohurtie + §1Veurf + [ ) + 19 + el

c 1
—/VM‘VU—E/UFMF-F/flﬁ‘/f/i‘i‘g/g/vbr-
) r Q ) r

For simplicity, we set

1 o
B, up) = yu|2 |w3+/F(u>+—yup\;F+—|vpup\2+/G(up).
i 2 2 g

By Poincaré’s inequality |u[o < C(|V |2 +|pr|2,r) and Young’s inequality with e, we have

d 1 1 1
3Bl ur) + CulITf + nelhe) < Ca (ol + IV + e + a7 + o)

for some C; >0 (i =1,2,3).
To get energy estimate, we assume that F' and G satisfy the following condition:

(17)

F(s) > —c, cp >0, s eR,
G()Z——s —cy, >0, seR.

Note that the typical example in the introduction satisfies this assumption. Under this
condition, the function E(u,ur) is bounded from below. We get the inequality

d
EE(U,UF) + C1(|Vul3 + lprl3r) < CaE(u,ur) + Cs(1f 5 + |glor +1).

We apply Gronwall’s lemma, then we get energy estimate

Eluur) < C (E<uo,uor> [ o+ 1>)
0
and

(u,ur) € Loo(J,

Gmax )

W3 (Q) x Wy(I) (18)
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when (f, g, ug, uor) € X(T) x Yo(T) x 7Z x nZp as p > 2 and p > (n +4)/4. Here the
constant C' depends only on 7" > 0 and is independent of a@,,y.

We use the following lemma, which is obtained in the paper [18, Lemma 4.1]. To do
so, we have to assume that the dimension n = 2,3 and some growth condition on F' and

G:

{|FW(S|>|<§ C(l + |S|’8)7 S E R, with {6 < 3 in the case n = 3, (19>

|G'(s)] < C(1+|s]7?), s€R, £ > 0 in the case n = 2.

Lemma 2.6. Suppose 2 < p < o0, n = 2,3, the function F' and G satisfy (17) and (19)
and let (u,ur) € E(a) be the solution of (CH)per.. Then there exist constants m,C > 0
and § € (0, 1), independent of a > 0, such that

IAF ()| x @) + 10, (W) lvo(@) + 1G"(ur)[lvo(@) + 1 E" (w)lrllvi@) + G (ur)llyi o)
<C A+ lullga el . w3 @)-

Proof. The estimates of the first term ||AF'(u)||x () and the second term ||0, F'(u)||yy(a)

is just in [18, Lemma 4.1]. Since the trace operator is bounded from W,,I/Q(Ja, L,(2))N
Ly(Ja, W2(Q2)) to Y1, Y1 C Yp and ulp = up, the other three terms are also estimated. See
[19, Appendix (b)]. O

Combining maximal L,, regularity estimate,

[ (s ur) |5 (a)
<C(|AF' (u)llx(@ + 0. F' ()llvo(@) + G (ur) o) + 1 F (@) |rllvi @
+ G (ur)[lviay + 1 f Il x ) + [1gllvory + (o, tor) lxzxxzr)
<C(1+ [|ully ). (20)

where the constant C' is independent of a. Hence |u|| z(a) is bounded and it derives the
boundedness of ||ur| z.(). Therefore the solution (u,ur) € E(a) is global solution, i.e.
amax = 1T'. We obtained the following first main theorem of this paper.

Theorem 2.7. Suppose 2 < p < oo, p#5/2,5, n =23 and that the function F' and G
satisfy (17) and (19). Then for any (f, g, uo, uor) € X(T)xYo(T)xXwZ X7 2 satisfying the
compatibility conditions (13)-(15), there exists a unique global solution (u,ur) € Z(T') x
Zr(T) of (CH)per.. The solution depends continuously on the given data and if the data
are independent of t, the map (ug, uor) — (u(t),ur(t)) defines a global semiflow on the
natural phase manifold 77 x wZy and the compatibility conditions (13)-(15).

2.4 The degenerate case: c =0

In this section we focus on the case ¢ = 0 in the boundary condition (3). Almost all
results for now can be applied to this case. The linear theory and local well-posedness
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result is completely the same as the case ¢ > 0. The point different from the case ¢ > 0
is the energy estimate. Multiplying the equation by u and p, integration by parts and
Young’s inequality lead

d (1 1 1 «
& (3l 319u + [ P+ ks + 5190wl + [ Glay) + €09

1 1 1 1
<Cy | z|ul3 + | Vul3 + = |url3r +03!f|§+/fu+—/gur
2 2 2b 0 b Jr

for some C; > 0 (i = 1,2,3). Here we assume [, fdz + [, g% = 0. Then we see

d
— dr = A d
udx /Q( p+ f)dz

dt Jq
:/Gyud5+/fdx
r Q

S [ute [ )= [ g [ <
/qu+%/rgur=/ﬂf(u—ﬁ)+%/rg(ur—ﬁ)

C
< élvuli + Cu(|f13+1913),

and

where 11 = ﬁ fQ pudx and some Cy > 0 by Poincaré’s inequality. This implies that

d (1 1 1 « ~
& (3l 31vut + [ P+ plunlsy + 519eul + [ Gla) + v

—_

~ 1 1 ~
<Co (Gl + 19+ gylulie ) + a1 + o)

for some C; > 0 (i = 1,2,3). This inequality deduces a priori estimate (18) under the
assumption (17). Thus we have the global well-posedness result for the case ¢ = 0.

Theorem 2.8. Suppose 2 < p < oo, p#5/2,5, n=2,3 and that the function F' and G
satisfy (17) and (19). Then for any (f, g, uo, uor) € X(T) x Yo(T') x 7Z X w2y satisfying
the compatibility conditions (13)-(15) with ¢ =0 and [, fdz + [ g% =0, there exists a
unique global solution (u,ur) € Z(T) x Zr(T) of (CH)per. with ¢ = 0.

3 A Cahn—Hilliard equation on non-permeable walls
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3.1 The linear theory

In this section we study the linear theory of the Cahn-Hilliard equation on non-permeable
walls. The linear equation is as follows:

o+ A% =f in Q,
() Oyvr — b0, Av — beArd,v + abcAdvr = g on X,
U|F = ur, —(AU)lF — b&,v + OébA[‘UF =h on 2,

v(0)=vy inQ, op(0)=vr onl.

We again use the general theory in [5] and the assumption of the theorem is checked in
Appendix C. However we have to assume a condition on the coefficients «, b, ¢ to get (LS)
condition. The assumption is the following;:

Assumption (A) The coefficients a, b, ¢ > 0 satisfy abe < 2(ab + ¢).

Let Zp := Wyt (J, Ly(T) N Ly(J, W% (T)) and 7 Zp := By,""(T)

Theorem 3.1. Let Q C R" be a bounded domain of class C° and 1 < p < oo be
p # 5/4,5/2,5. Suppose that the constants o, b,c > 0 satisfy the Assumption (A). Then
the linearized Cahn—Hilliard equation (%) admits a unique solution (v,vp) € Z x Zyp if
and only if (f,g,h) € X x Yy x Y] and (vg,vor) € 72 X nZr, and the compatibility
conditions

Vo|r = vor onT it  p>5/4,
— (AUO)|F — ba,/U()F + OébAF’UOF = h|t:0 onI' if p > 5/2,
gli=o0 + b0, Avy — beArd, vy — &bcA%vop € B;j’/p(f‘) if p>05,

are satisfied.

3.2 The nonlinear theory

In this subsection we state the nonlinear theory. We state the different point from the case
of permeable walls. We need the estimate of the nonlinear term ArG’(ur) corresponding to
Proposition 2.2 and Lemma 2.3. From now, we restrict the case that G(ur) = (gs/2)u? —
hsur with g; > 0, hy # 0. Thus we study the Cahn—Hilliard equation on non-permeable
walls.

Ou=Au+f, p=—-Au+ F'(u) in Q,
(CH) Oyur + b0, — cArpr = g,  —aApur + dyu + goup — hy = EE on 3,
non-per. u|F _ ur’ M|F _ lur on E,

w(0) =up in, wur(0)=wuyr onl.

We see the following proposition.
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Proposition 3.2. Letp > (n+4)/4, J, C J and R > 0. Then there exist functions
Ao = Ag(a) with A¢(a) — 0 as a — 0 such that for all (u,ur), (v,vr) € Br((u*,u})) the

following statements hold:

|Arur — Arvr|ly, < As(a)l|(u, ur) — (v,vr)|g.

This proposition is enough to show the local well-posedness result. To extend the
global solution, we show the energy estimate. Multiplying the equation by w and pu,
integration by parts and the boundary conditions lead

d (1 1 Q
& (3t + 39+ [ PG+ e+ S19ru+ [ Glan)

C
+ V)3 + 5|VFMF|%,F

c 1 1
——/VM'VU—Z—)/VFUF'VFMF+/fu‘i‘/f/i"’g/gur"—g/gur-
Q r Q Q r r

Here as the case ¢ = 0, we assume that fQ fdx + fF g% = 0. Then we have

d (1 1 1 o
p <§|U|§+§|VU\§+/QF(U)+%!UF@IJFEWFUF\ZJF/FG(UF))

+Ci(|Vuly + [Vepelsr)
1 1 1
<Ca (Glu + 51Vl + g lurlhe ) + Cal B + o)

for some C; >0 (1 =1,2,3).

Under the assumption (17) on F, we see (u,ur) € Loo(Ju,.., Wa(Q) x WHT)). We
prepare the following lemma.
Lemma 3.3. Suppose 2 < p < oo, n = 2,3, let (u,ur) € E(a) be the solution of
(CH)non-per.- Then there exist constants C' > 0 and 6 € (0,1), independent of a > 0, such
that

[Arur v < O+l luli )

Proof. By the trace theory and the mixed derivative theorem, it is enough to see the
existence of 0 < § < 1

< Cllulll e

H“”WS’“(JG,L;J(Q)) Ja WA (@ ”““Lm Ja, WE(Q))"

By Gagliardo—Nirenberg’s inequality, we check the existence of § satisfying

_n
p
Since the second inequality is 2 — 2 — 1 < §(2 — 2 — 1), we choose § is sufficiently close
. . . . p p
to 1, then the inequalities are satisfied. O

Combining the estimates in (2.3), we are able to prove the global well-posedness result.
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Theorem 3.4. Suppose2 < p < o0, p#5/2,5, n=2,3 and that the function F satisfy
(17) and (19). Suppose that the constants a,b,c > 0 satisfy the Assumption (A). Then
for any (f, g,uo,uor) € X(T) x Yo(T) X nZ x wZy satisfying the compatibility conditions
uo|r = uor onI' if p>5/4,
— (Aug)|r — bO,ugr + abArugr = —F'(ug)|r + bgsuor — bhs on T’ if p>5/2,
li—o + b3, Aug + bed,ug — abeARugr
— b0, F'(ug) + begsArugr € B;fpg’/p(F) if p>05,

and fQ fdx + fr g% =0, there exists a unique global solution (u,ur) € Z(T) X 7F(T) of
(CH)non-per. .

Appendix A

We collect the linear theory of the dynamic boundary condition proved in the papers [5].
We represent the simplified their result to fit our equations. They studied the parabolic
initial boundary value problems of the general form (so called relazation type)

Owu+ A(t,z, D)u = f(t,x) in Q,
O + By(t,z, D)u + Cy(t,z, Dr)p = go(t, ) on X,
B;(t,z,D)u+Cj(t,z,Dr)p = g;(t,z) (j=1,---,m) on 3,
u(0, ) = up(x) in €,
LP(0,2) = po(x) onT,
where
Alt,z,D) = Y aa(t,z)D",
la|<2m
i(t,z, D) Z bs(t, x)DP,
1B|<m;
Ci(t,x,Dr) = > ¢ (t,x)D],
[vI<k;
are differential operators of order 2m, 0 < m; < 2m,0 <k, (j =0,1,--- ,m), respectively,

with m € N and m;, k; € Ng. The symbols D, respectively Dr mean —:V, respectively
—1Vr, where V denotes the gradient in €2 and Vr the surface gradient on I'. Assume
that all boundary operators B; and at least one C; are nontrivial, and set k; = —oo in
case C; = 0. The initial values ug, po as well as the right-hand sides f and g; are given
functions.

Let k; := 1 —m;/(2m) — 1/(2mp), l; :== k; — m; + my and | := max,—g1,.. ml;. We
state their results limited to the case [ < 2m, the coefficients a,, bjs and c;, are smooth,
) is a bounded domain and u and p are C-valued functions, which adopt our case.

The essential assumptions are the normally ellipticity condition (E) and the Lopatinskii—
Shapiro condition (LS), which are necessary for the maximal L, regularity, hence are un-
avoidable. For the case ¢ < 2m, which is just applied to the linearized Cahn-Hilliard
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equation on permeable walls, we need another necessary condition called the asymptotic
Lopatinskii-Shapiro condition (LS_)). Let the subscript # be the principal part of the
corresponding differential operator. The assumptions are as follows.

(E) Forallt € J, z € Q and £ € R, |¢| = 1, we have

o (Ag(t,z,8)) CCy :={2z€ C|Rez > 0}.

(LS) For each fixed t € J and z € T, and for all & € R*™', X\ € C, with |[¢/| + |\ # 0,
the ordinary differential equation in Ry = [0, 00) given by

A+ Ap(t, 2,8, Dy))v(y) =0 (y > 0),
Bou(t,z, &, Dy)v(0) + (A + Coul(t,z,£&))
Bj#(t, Z, fl, Dy)’U(O) + C]’#(t, Z, 6/)0' =0

o =0,
(jzla...’m)

has only the trivial solution (v, o) = (0,0). B
(LSZ) Let ¢ < 2m. For all fixed t € J and z € T, and for all ¢ € R*™' X\ € C, with
I€'] + |A\| # 0, the ordinary differential equation in Ry = [0, 00) given by

{(A + Ay(t,2,€,D,)v(y) =0 (y>0),
Bj#(t7x7§/7Dy>U<O) =0 (.7 = 17"' 7m)

and for |¢'| =1 and X € C,

Ag(t 2,8, Dy)v(y) =0 (y>0),
BO#(ta z, 5/7 Dy U(O) + ()‘ + CO#(t’ Z, 5/))
(

) =0,
Bjx(t,x, &, Dy)v(0) +Cju(t,x,&)o =0

o
(j:L... ’m)

admit the unique trivial solution (v,0) = (0,0).
The existence and uniqueness results of this boundary condition are as follows.

Theorem [Denk-Priiss—Zacher] Let Q C R™ be a bounded domain of class C?m+i=mo,
Assume (E), (LS) and for ¢ < 2m the condition (LSS)) and the coefficients aq, bjs, cj, are
smooth. Let 1 < p < oo be such that k; # 1/p, j =0,1,--- ,m. Then the linear equation
admits a unique solution

(u,p) € Z % Z, = (W (J, Ly(2) 0 Ly (] W™ ()
X (W0, Ly(D)) N WE(J, W2 (D)) M Ly (J, Wetmso(T)))

if and only if

(f?g()?gh”' 7gm) GX X}/b X}/l Xoees XYm
= Lyp(J, Lp()) x @ (W) (J, Lp(T)) N Ly (J, W™ (T)))
(o, po0) € T2y X TZ, = ng;;“*l/p)(fz) X nggm“(l*l/m(r),
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and the compatibility conditions
Bj(07‘r)u0('r) +C](O,.§L’),00(I) = gj(0,$>, VIS Fa if Kj > 1/p7 .] = 1727 T, I,
gO(O, ) - B()<0, ')UO - Co(o, ')po € lep = Biz(“o_l/p)(F), if Ko > 1/]9,

are satisfied.

In [5], they treated the case | > 2m, non-smooth coefficients case and u, p are HT
Banach valued case. However it is sufficient to consider above statement. By the Newton
polygon method, they characterized

Zy = W (], L(1)) N Ly(J, WE2mso (1))

when ¢ = 2m, which is applied to the linearized Cahn-Hilliard equation on non-permeable
walls.
Appendix B

We apply this general linear theory for the linearized Cahn—Hilliard equation on permeable
walls:

o+ A% = f in Q,
(%) Oyur — b0, Av + bed,v — abcArvr = g on X,
Vol =or,  —(AV)|p — bd,v + abArur = h on X,

v(0)=vy in€Q, wvp(0)=vr onl.

This problem fits into the setting A = A%, By = —b9,A, Cy = —abcAr, By = —(A)]r,
C1:abAp,Bgz1,C2:—1,92:0andm:2,m0:3,k0:2,m1:2,k1:2,
mo = 0, k220,60:2,£1:3,€2:3. Then€:€1:€2:3<2m, 1{0:1/4—1/(4]7)7
k1 =1/2—1/(4p) and Ky =1 — 1/(4p).

We check the conditions (E) and (LS). Since o (A (t,z,€)) = o(|¢[*) = {1} € C, for
¢ € R", |£] =1, the condition (E) is satisfied.

To see (LS) condition, we need to solve the ordinary differential equation

(A (=18 +95)%) v(y) =0 (y > 0), (
—b(=0,)(—&']* + 95)v(0) + ((A — abe(—[¢']*)) o = 0, (
v(0) — o =0, (
—(=[€'* + 0;)v(0) + ab(—[¢'[*)o = 0. (

For the case A = 0, from (21), v(y) = (c1 + coy)e €W for some ¢;, ¢, € C. By the
boundary conditions (22)-(24),
=bIE [P (c2 = [€]ex) + b3IE [Pex — [€'FPer) + abel'|*er = 0,
€' er = (=2[¢|e2 + [€']Per) — ablg[*er = 0.
accy + 2¢co = 0,
ablé'|e; — 2¢, = 0.
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The determinant of the coefficient matrix is —2(ac + ab|¢’|) # 0. So we have (¢1,¢p) =
(0,0), which implies the unique trivial solution (v,c) = (0,0).
For the case A # 0, v(y) = c1e®¥ + cpe*Y with

2= —JER 4 (CDFVER (k=1,2).

Here and hereafter we shall use the argument of the square root of complex numbers
belongs (—m/2,7/2], so that the real part of the square root of complex numbers is non-
negative. By the boundary conditions (22)-(24),

—b|&'|2(c121 + c229) + b1 23 + caz3) + (A + abel€'|?) (e + ¢2) = 0,
1E'12(c1 + ¢2) — (123 + c223) — abl&'[*(c1 + ¢o) = 0.
bezi (27 — [€'7) + beza(23 — [€7) + (A + abel€'[) (e1 + ¢2) = 0,
—c1(2} — [€'1?) — ca(25 — |€'%) — ab|€'[*(c1 + ¢2) = 0.
Since 22 — |¢']> = (=1 1V/=X (k = 1,2), we see
(A + abcl€')? + b/ =Az1)er + (A + abe|€|* — bv/—Az2)ca =0
(ab|€')? + vV =A)ey + (ab|€')? — v/ =X)ea = 0.
We calculate the determinant of the coefficient matrix:

A+ abe|&' P+ bV =Xz A+ abe|¢|? — bv/— Az
abE'T + V=R able? — V=X

A+ abe|l€)? + bV =Mz —bvV =21 + 22)
abl|? + V=X —2v/=A

— VoA {2@ +abe|€'?) + 2bv/—Azy — b(z1 + 20)(abl€? + \/—_)\)}
— VoA {2()\ + abe|€'2) — ab?|€' 2 (21 + 22) + BV —=A(z1 — ZQ)}
= — V=A((I) + (I) + (I)).

We claim that the real part of the last term (III) is non-negative. Then the determinant
never become zero since the real part of the first term (I) and the second term (II) is
positive. We focus on the sign of the term (II). From the equality v/—\(z; — 22) =
—2X(21 4 22) 71,

sign (Re (I)) = sign (Re (=A\)Re (z1 + 22) + Im (= \)Im (z; + z5)).

Here Re (—\),Re (21 + 22) < 0 and sign Im (—\) = sign Im (27 + z2) since

2+ 2= —\/216’!2 +2V/[¢]F + A

This implies sign (Re (1)) is non-negative. This means that (v,o) = (0,0), which con-
cludes that the (LS) condition is satisfied. The other condition (LS_)) is easily checked,
so we skip the calculation.
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Appendix C

We apply this general linear theory for the linearized Cahn-Hilliard equation on non-
permeable walls:

o+ AN%v=f in Q,
(+) yor — b0, Av — beArd,v + abeAtvr = g on X,
nonper vlp =vp, —(Av)|r —bo,v + abArvr = h on X,

v(0)=wvy inQ, op(0)=vor onT.

This problem fits into the setting A = A?, By = —b9,A — bcArd,, Cy = abcAi, B) =
—(A')h‘, Cl = CYbAF, Bg = 1, C2 = —1, go = 0and m = 2, mo = 3, ]{?0 = 4, mp = 2, k’l = 2,
me =0, ky =0, 0 =4, 0 =3, 0, =3. And then ¢ = {y =4 =2m, kg = 1/4 — 1/(4p),
k1 =1/2—1/(4p) and ke =1 — 1/(4p). The condition (E) is satisfied as before.

To see (LS) condition, we need to solve the ordinary differential equation

(A + (=€ + ) vly) =0 (y > 0), (25)
—b(=0,)(—€'* + 8;)v(0) — be(—[€'[*) (=0,)v(0) + (A + abe(—[€'*)?) o = 0, (26)
v(0) — o =0, (27)
—(=[€']* + 9)v(0) + ab(—|¢'[)o = 0. (28)

For the case A = 0, v(y) = (c1 + coy)e™ €W for some ci,c, € C. By the boundary
conditions (26)—(28),

=bIE'*(ca — €' ]er) + b(3[E [Pea — [€'Per) — bel€!|*(ca — [ ]er) + abel€'|*er = 0,
1€12c; — (=2]€|ea + |€'Per) — ab|€'|?c; = 0.

|l (€] + 1)er + (2 — ¢)er = 0,
ablé'le; — 2¢, = 0.

The determinant of the coefficient matrix is —|¢'|(2ac|€’| + 2ab + 2¢ — abe). So we assume
abe < 2(ab+ ¢) (Assumption A), then we have (¢q,co) = (0,0), which implies the unique
trivial solution (v,o) = (0,0).

For the case A # 0, v(y) = c1®Y + cpe*Y with the same z;, as before. By the boundary
conditions (26)—(28),

—b|&'[*(c121 + c222) + b(c123 + ¢23)
—bc|€')?(c121 + caz2) + (A + abe(—|€')?)?) (c1 + o) = 0,
IE'12(c1 + ¢2) — (123 + c223) — ab|&'|*(c1 + ¢o) = 0.
(A + abe|g'[* + bV =Az1 — bel€'Pz1)eq + (A + abe|€' |2 — bv/—Azp — bel€|?)ep = 0,
(abl&'|* + vV =N)er + (ab|€)> — V=N)ea = 0.



296

We calculate the determinant of the coefficient matrix:

A+ abe|[* + bV =z — be|€' P21 A+ abe|€|? — bv/—Azg — be|€ |22
ablg'|? + V=X ab|€'|? — /=X
A abe|€ )t o=z = be|€ Pz —bV =Nz + 22) 4 be| € (21 — 22)
- b2 + v/—=X _2y/ A

— {2()\ + abel€')t) + bV =A(z1 — 2)

2
—bel€' )2 (21 + z0) — ab®[€)* (21 + 20) + ab2c|g'y4—} ,
21 + Z9

where we used z; — 25 = 2v/—=A(21 + 22)"!. We see the real part of 2(\ + abe|¢'[*) +

bv/—A(z1 — 22) is positive. We claim that the real part of the others is non-negative by
using the Assumption (A). From the Assumption (A),

2
e <_bc|£’|2(21 +22) — ab?|&'* (21 + 22) + a620\5/|4—>
z21 + 29

2
>Re (—bc]f’]Z(zl + z9) — ab?|€'(21 + 22) + 2(ab + c)b]f’]A‘—)
Z1+ 22

4 112
=(bc|¢')? + ab®)Re (% — (21 + 22)) .
Note that
4 /12
—Zl|—§|-|2:2 — (Zl + 22) = 2(21 + 22)71<|£/|2 — 2122),

2129 = /A + ], Re (|€)* — 2122) <0 and Im (21 + 22)Im (|€'|* — 2129) > 0. So we have

SignRe ((21 + 22) 7' (|€']° — 2122))
=Sign (Re (21 + 22)Re (|¢'|> = 2122) + Im (21 + 22)Im (|¢']* — 2122))
>0.

This implies that the determinant of the coefficients never 0 and (v, ) = (0,0). So it was
shown (LS) condition.
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