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Doubly nonlinear Cahn-Hilliard-Gurtin equations
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Abstract. Our aim in this article is to study the long time behavior, in terms of
finite-dimensional attractors, of doubly nonlinear Cahn-Hilliard type equations. In
particular, we prove the existence of an exponential attractor. We also study the
continuity of exponential attractors when the equations converge to the usual Cahn-
Hilliard equation.
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1. Introduction

We are interested in this article in the study of the asymptotic behavior
(in terms of finite-dimensional attractors) of doubly nonlinear equations of
the form

Oy — Av =0,

da(u) — Au+ f(u) =, (1.1)

ulog = v lag =0, U |t=0 = uo,
in a bounded smooth domain Q@ C R3. Such equations appear, e.g., in
the study of phase separation in binary alloys. More precisely, M. Gurtin
proposed in [23], based on a new balance law for internal microforces (i.e.,

for interactions at a microscopic level), generalizations of the Cahn-Hilliard
equation of the form

Ou = k1Av, k1 >0, (1.2)
a(u, Vu, Opu)0yu — ke Au + f(u) =v, Ky >0, (1.3)
where a > 0. Here, u is the order parameter (it corresponds to a density of

atoms) and v is the chemical potential. Furthermore, (1.2) follows from the
mass balance, while (1.3) is derived by considering the restrictions imposed
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by the second law of thermodynamics, together with the microforce balance.
Thus, if the coefficient a only depends on u, we obtain a system of the
form (1.1) (system (1.1) can also be seen as a (nonlinear) generalization of
the viscous Cahn-Hilliard equation introduced in [31] and corresponding to
a(s) = aps, ag > 0). Furthermore, if a only depends on dyu, we obtain a
system of the form

Oyu — Av =0,
{ (1.4)

a(Owu) — Au+ f(u) = v,

which is also of interest. We will study such systems in a forthcoming article.
We finally note that, usually, the Cahn-Hilliard equations are associated with
Neumann boundary conditions, both for 4 and v. In that case, the treatment
of the problem would be analogous, but technically more difficult, due to
the presence of nonlocal terms; we chose to avoid such technicalities in this
article, hence our choice of Dirichlet boundary conditions.

We can rewrite (1.1) in the following equivalent form:

{@(a(u) + (—A)"tu) — Au+ f(u) =0, (15)

v=—(=A)"10u, wulog =0, uli=o = uo,

where (—A)~! is the inverse Laplacian (equipped with Dirichlet boundary
conditions), so that we are led to the study of a compact perturbation of
the following doubly nonlinear equation:

Ora(u) — Au+ f(u) = 0. (1.6)

Such equations, which appear, e.g., in the Allen-Cahn theory in phase sepa-
ration (one again considers generalizations of the Allen-Cahn equation based
on the microforce balance proposed by M. Gurtin, see [23]), have been much
studied and are now well understood (we refer the reader to, e.g., [1], [4],
[6], [8], [9], [11], [14], [15], [19], [22], [28], [29], [33], [34] and [35]). In par-
ticular, one now has satisfactory results on the existence and uniqueness
of solutions and on the asymptotic behavior of the system (existence of
finite-dimensional attractors and convergence of solutions to steady states).
Furthermore, such results concern both the cases where o does not degen-
erate (i.e., @'(s) > ¢p > 0, s € R) and where o degenerates (with a finite
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number of degeneration points and also when the equation becomes elliptic
in some region (typically, o/(s) = 0 for s < 0), see [29]).

Now, and especially when a degenerates, the mathematical study of
(1.5) (or, equivalently, of (1.1)) does not simply follow from that of (1.6),
in particular, as far as the study of the asymptotic behavior of the system
is concerned. The main difficulty here is to obtain proper dissipative esti-
mates and, contrary to (1.6), such estimates cannot be obtained directly by
energy estimates (which only work under additional restrictive assumptions
on a and f, see Sections 2 and 3 below; see also [29]). In particular, it is
essential here to derive dissipative estimates in L°°(£2). In order to deduce
such estimates, we use a combination of Moser iterations techniques and of
arguments based on the existence of a proper dissipation integral.

It is also worth noting that, in the degenerate case, the presence of the
subordinated term (—A)~!d;u in (1.5) drastically changes the analytical and
dynamical properties of the problem (when compared with (1.6)). In partic-
ular, equation (1.6) is well-posed and possesses the finite-dimensional global
attractor only if the nonlinearity f is monotone increasing at all points where
a degenerates (see [29]; see also [18] for examples of infinite-dimensional at-
tractors when this condition is violated). Surprisingly, the presence of the
nondegenerate lower order term (—A)~!0,u removes, in some sense, the
degeneration and the dynamical behavior of the solutions to (1.5) is, a pos-
teriori, closer to that of mondegenerate dissipative systems. In particular,
we do not need the monotonicity assumption mentioned above (which is
typical of degenerate systems) in order to establish the existence and the
finite-dimensionality of the global attractor (this allows, in particular, to
consider, contrary to the degenerate doubly nonlinear Allen-Cahn equation,
the physically relevant (in the context of phase separation) cubic nonlin-
earity f(s) = s°
the same time, the analytical properties of equation (1.5) remain typical
of degenerate equations (lack of further regularity on the solutions, lack of
differentiability with respect to the initial data, ...).

This article is organized as follows. In Section 2, we study the well-
posedness of the system. Then, in Section 3, we derive dissipative estimates

— s in the case of, say, one degeneration point at 0). At

which allow us to prove, in Section 4, the existence of finite-dimensional
attractors. Section 5 is devoted to the study of the limit o — 0 (for o = 0,
the system reduces to the usual Cahn-Hilliard equation). However, we do
not know how to obtain uniform (with respect to o — 0) estimates on the



318 A. Miranville and S. Zelik

L*°-norm of the solutions and, consequently, we have to work with energy
solutions only, which, in turn, requires essential growth restrictions on «
and f. Finally, we prove, in the appendix, additional regularity results on
the solutions when « does not degenerate.

Throughout this article, the same letter C' (and, sometimes, C”) denotes
constants which may vary from line to line.

Setting of the problem
We recall that we consider the following equations, in a bounded smooth
domain Q C R3:

Oru — Av =0, (1.7)
Ora(u) — Au+ f(u) = v, (1.8)

together with the boundary conditions
u oo = [on =0 (1.9)
and the initial condition
U =0 = Up. (1.10)
We assume that the nonlinearity o € C'(R) is monotone increasing,
a(0) =0, d'(s)>0, seR, (1.11)
and satisfies the following nondegeneracy assumption at infinity:

liminfa/(s) > Cy >0, se€R, (1.12)

|s]—o0

and that the nonlinearity f € C?(R) satisfies the standard dissipativity
assumption

f(s)s>-C, seR, C=>0. (1.13)

Remark 1.1 For instance, the above assumptions are satisfied for a(s) =
s?PT1 p e N, and f(s) = Z?igl a;s', asqr1 > 0, ¢ € N. For such an
a, setting w := a(u), the Allen-Cahn type equation (1.6) reduces, say, for

f =0, to the fast diffusion equation
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1

Ow — Aw™ =0 =
L w w , m 1

(see, e.g., [2], [10], [12], [21], [32] and the references therein). We can note
that p = 2, i.e., m = é, corresponds to the critical exponent in this fast
diffusion equation (see also Remark 3.5 and (3.36) below). Furthermore,
compared with the results of [29] for (1.6), the presence of the subordinated
term (—A)~19,u allows to prove the existence of finite-dimensional attrac-
tors for (1.5) for a much more general class of nonlinear terms f for the
aforementioned “fast diffusion” term a.

2. Well-posedness for L*°-solutions

In this section, we prove the unique solvability of system (1.7)—(1.8) in
the following class of solutions:

ue L®([0,T] x Q) N L>([0,T], Hy (), v e L*([0,T], Hy()). (2.1)

The main result of the section is the following.

Theorem 2.1  Let assumptions (1.11), (1.12) and (1.13) hold. Then, for
every ug € H}(Q) N L% (), there exists a unique solution (u,v) to problem
(1.7)~(1.8) belonging to the class (2.1).

Proof. We rewrite the equations in the equivalent form

1 (2.2)
v=—(—A)""0w, ulon =0, u =0 = uo.

{@(a(u) + (=A)"tu) — Au+ f(u) =0,

We first prove the uniqueness of solutions. To this end, we need the
following lemma.

Lemma 2.2 Let the assumptions of Theorem 2.1 hold. Then, for every
solutions (uy1,v1) and (ug,va) to (2.2) belonging to the class (2.1) (with initial
data u1 o and us,g, respectively, belonging to HE(Q) N L*°(R)), there holds

[J(ur () = aluz(t)) + (=2) " (ua(t) — ua(t))]|

é Oeclt{

Oé(’ul’o) — OK(UZ()) + (—A)_I(ULO — uQ:O)HH*U (23)
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where t € [0,T] and the constants C' and C' depend on the norms of u; and
ug in the class (2.1).

Proof. Tt follows from (2.2) that, setting u := uy — us,
O (a(ur) — aluz) + (—A)'u) — Au+ f(ur) — f(uz) = 0. (2.4)

Multiplying (2.4) by (—A) 'w, w = a(u1) — a(uz) + (=A)"lu, and inte-
grating over €2 and by parts, we obtain

SOl + (a(ur) - aluz), )
lully s+ () = fluz), (~8) " w) =0, 25

where (-,-) denotes the usual L?-scalar product. The difficulty here is to
estimate the term

|(f(u1) = fluz2), (=A) " w)|.

To do so, we write
| (F(ur) = f(u2), (=) w)| < el f(ur) = f(ua) [} 25+ Cey w5, (2.6)

where 6 > 0 is small enough (in particular, 6 < 1/2), €; > 0 is arbitrary and
HL2H0 = [H270(0) 0 HY (@)
We then have, owing to classical interpolation inequalities,

lwlFr-s < eallwlZ + Ce, flwllF -1, (2.7)
where €3 > 0 is arbitrary. Furthermore,
lwlZe < 2(lla(ur) — aluz)l72 + [(=2) " w|Z:)
< O((afur) — aluz),u) + [lw|[F-), (2.8)
since o'(s) > 0, Vs € R, and u; € L>=([0,T] x ), i = 1,2, which implies

that (a(u1) — a(ug),u) > 0 and |la(ur) — OJ(UQ)H%Q < Cla(ur) — aluz),u).
We thus deduce from (2.7)-(2.8) that
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lwllf-s < esla(ur) — a(uz),u) + Co w3,
where €3 > 0 is arbitrary, so that (2.6) yields

|(f(w1) = fluz), (=2)" w)|

< el fur) = F(u2)|[5 2vo + eala(ur) = a(uz),u) + Cep e llwlFr,
(2.9)
where €¢; and €4 > 0 are arbitrary.
Now, we have, for ¢ € Hx °(Q) := H?>~%(Q) N H}(2) and using the fact
that u; € L>=([0,T] x Q) N L*([0,T], H}(Q)), i = 1,2,

(£ (1) = F(u2), @) g2+ ga-s]
= |(f(w) — fluz). 0)

(u, /01 Fl(sur + (1 — s)u2)dsgo> ’

v(/ol Fsun +(1— s)uQ)dsg0>

< Cllullg-+ ((IVurllzz + [IVuzlz2)llell L= + Vel z2)

< Cllullg-1llellgz-s,

< [l

L2

if < 1/2 (so that the embedding H2~° C C holds), whence
1 (0s) = £ ) 25 < Cllla . (2.10)
We finally deduce from (2.9)—(2.10) that
|(f (ur) = fluz), (=A) " w)|
< e((a(ur) — a(uz),u) + JullF-1) + CellwlFr-1, (2.11)

where € > 0 is arbitrary, and (2.3) follows from (2.5), (2.11), e.g., with e = ,
and Gronwall’s lemma. This finishes the proof of Lemma 2.2. O

The uniqueness of solutions to problem (2.2) is an immediate conse-
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quence of the above lemma. Indeed, if u;,0 = us2,0, then
a(uy) — alug) + (—A) " Huy —uz) =0,
which yields, multiplying this equation by u; — us and noting that o’ > 0,
lur = uzllg-2 =0,

and, thus, u; = us.

We now establish the existence of a solution. To this end, we approx-
imate the nonlinear term a by smooth functions a., € > 0, which satisfy
(1.11) and (1.12), with a (new) constant Cp which is independent of €, and

al(s) > Ci(e) >0, seR; (2.12)

for instance, if a is of class C2, we can take a.(s) = a(s) +€s, s € R.
We then consider the approximate problems

Oyu — Av =0,
Orae(u) — Au+ f(u) = v,
ulon =0 oo =0,

u \tzo = UQ,e;

where ug . smooth enough approximates ug. Rewriting (2.13)—(2.16) in the
equivalent form

a.(u A" - Au w) =
{at( e(u) + (=A)" u) = Au+ f(u) =0, (2.17)

v=—(-A)"10u, uloa=0, u == UQ, e,

we note that (2.17) is a compact perturbation of a second-order parabolic
equation which possesses, owing to standard results (we can for instance use
the Leray-Schauder fixed point theorem, see, e.g., [25]; see also the appendix)
a unique solution ., say, in W(2):"(Q x (0,T)), where T > 0 and r < 00 is
large enough. We thus deduce the existence and uniqueness of the regular
solution (u.,ve) to (2.13)—(2.16).

Our task now is to deduce several uniform (with respect to €) estimates
which will allow us to establish the existence of a solution to the limit



Doubly nonlinear equations 323

problem (2.2) by passing to the limit ¢ — 0. For simplicity, we omit the
index € in what follows.

We start with a standard energy estimate. Multiplying (2.17) by dyu
and integrating over [0,7] x €, we have

2 [ [(aL®)0u(e).00u(v) + 10u(o) -]
0
V(T[22 + 2(F (), 1) = [Vuol2s +2(F(uo), 1), (218)

where F(s) := [, f(z)dz. This, together with assumptions (1.11) and
(1.13), gives

vl L2 (0,77, 51 (2)) + [[ull oo (0,77, 1 () < Q(||luo|lLenmr), (2.19)

where the monotonic function @ is independent of € and T
Our next task is to obtain an L°°-estimate on the solution w. To this
end, we need the following lemma.

Lemma 2.3 Let v € L?([0,T], H}(2)) and let u be a sufficiently regular
solution to equation (2.14). Then, the following estimate holds:

|u(®) Lo < Qr(lluollze) + Crllvliz2(o,1), 51 (2)), t€[0,T],  (2.20)

where the monotonic function QT and the constant Cr depend on T, but
are independent of €.

Proof. Although the assertion of this lemma is rather standard, we give
below, for the sake of convenience (and in order to check that the estimate
is indeed uniform with respect to ¢), the details of the proof. As usual, we
obtain this estimate by a Moser-type iterations technique. Indeed, multi-
plying equation (2.14) by u|u|*, k > 0, and integrating over [0,7] x Q, we
have
(e, )+ 2D [ oo b2,
(kB2 o e
T

T
+/ (f(u(t)), u(®)|u(®)[*) dt = (Ag(u(0)),1) +/ (v(t), u(t)|u(t)|*) dt,
’ ’ (2.21)
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where Ag(s) := fo (2)z|2|F dz. Using the embedding H' C LS, we esti-
mate the last mtegral in the right-hand side of (2.21) as follows:

/O (0(t), u(t) u(t)|*) dt

T
< / (0o )51, i

< Cllvllz2 oy, @) llu ||L2<k+1>([o 7],L8 52 (q))

< C (U 1y a1 ey + Nl 72

L2([0,T],H* L2(k+2)([0 T), LG (k+2)(ﬂ))) (222)

Since the nonlinearity f satisfies the dissipativity assumption (1.13), we have

T
/0 (f (w(®)), u()u(t)[*+") dt > —C\\U\Iﬁﬂl([o,ﬂxm

k
o

L (077,804 )~ O

for positive constants C' and Cr which are independent of k& (note however
that Cr depends on T').
Finally, using assumption (1.12), we see that

Ak(s) >

where the constants C' > 0 and A > 0 are independent of € and k. Therefore,
inserting the above estimates into (2.21), we end up with

k+2
maX{Hu||L°°([O,T],L’“+2(Q))’ HU||Lk+2([o,T],L3<k+2>(Q))}

< Cr(k + 2) max {Ak+2 Ak (o), 11 EE 0 7901 )

k+2
[l L2(k+2)([07T]7Lg(k+2)(9))}7 (2.24)

where the constant C'r is also independent of k£ and €. We now note that
the interpolation embedding
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Loo(Lk+2> mLk+2(L3(k+2)> - Lg(k+2)(Lg(k+2)) (2_25)
gives the uniform (with respect to k) estimate

”uHL%(M—@([07T]7L%(k+2)(9))
< Cmax {||ull Lo (0,77, Le+2(0))» 1l Lr+2 (0,77, L30+2) () }-

Furthermore, we set, for s > 0,

Q(s) :=sup ( max Ak(z)>m.
k z€[—s,s]

Then, obviously, @ is finite and

1/(k+2)
Q(s) < 52{ max o/(z)} +C
z€[—s,s]

where C' is independent of s. Using these estimates, we infer from (2.24)
that

Tutera) < (Cr(k +2))72 Jiya, (2.26)

where Kk = % and

Jk+2 ‘= Inax {A’ ||u||L2(k+2)([O,T},L%(]H'Q)(Q))’ ||U||L2([0,T],H1(Q))7 Q(||u0||L°°)}
(2.27)

We also note that, due to the analogue of estimate (2.19) for equation (2.14),
we have a control of Jy o for k =0,

T2 < Or(Q(luoll ) + 0]l 220,111 () -
Thus, iterating estimate (2.26), we finally infer

1l oo (f0,1)x ) < Joo = liinsup Ji < C(|Jv]L2(jo,),11.(9)) + Q([uoll <))

and estimate (2.20) is proved, which finishes the proof of the lemma. O
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We are now ready to finish the proof of existence. Indeed, according to
Lemma 2.3 and estimate (2.19), we have

el Lo (0,11 x 2L (0,77, 51 (2)) + Vel L2((0,77, 51 (02))

< Qr(|luol|Loernmr), (2.28)

where the monotonic function @7 is independent of the approximation pa-
rameter ¢. It then follows from (2.28) and classical compactness results (see,
e.g., [26]) that, at least for a subsequence, u. — u a.e. and in L>°([0,T] x §2)
x-weak and L°°([0,T], H}(Q)) x-weak and v, — v in L®([0,T], H}(Q)) *-
weak, where (u,v) belongs to the class (2.1). This is sufficient to pass to
the limit € — 0 in equations (2.17) and to have the existence of a solution
to problem (2.2), which finishes the proof of Theorem 2.1. O

Remark 2.4 If we assume, in addition, that o does not degenerate,
a'(s)>C >0, seR, (2.29)

then we have the additional term
| et ol do > Ol
Q

where C' > 0 is independent of €, in (2.18). This yields that dyu €
L2((0,7], L2(©)) and v € L2(0,T), H*(©) 1 HL(%)).

Remark 2.5 Unfortunately, the function Q7 in estimate (2.28) depends
on T' (to be more precise, it grows polynomially as 7" grows). Therefore,
we cannot extract any dissipativity from this estimate. However, we obtain
this dissipativity in the next section under the additional assumption that
o’ grows at most polynomially as |s| — co. We do not know whether or not
the dissipativity holds without this asumption.

3. Dissipativity of L°°-solutions

In this section, we establish the dissipativity of the L°°-solutions con-
structed in the previous section. To this end, we need an additional assump-
tion, namely,
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a'(s) <C(1+1sP), seR, C>0, (3.1)

for some nonnegative exponent p. Furthermore, the proof of the desired
dissipativity is strongly based on the use of the dissipation integral

/ ()2 d = / 102 dt < QUluollzmnn),  (3:2)
0 0

for a monotonic function @, which is an immediate consequence of estimate
(2.19).

In order to avoid unnecessary technicalities, we derive all the estimates
directly for equation (2.2), although, in order to justify them, one should
use the approximating problem (2.17).

The next lemma gives the LPT4 — L°-smoothing property for the solu-
tions to equation (1.8) if ¢ = ¢(p) is large enough.

Lemma 3.1 Let the assumptions of Theorem 2.1 hold and, in addition,
inequality (3.1) be satisfied. Let also q > %p. Then, any sufficiently regular
solution u to equation (1.8) satisfies the following smoothing property:

P
lu(V)l|ze < C(1+ lluollzora + 0]l L2qo,1),m10)) s (3.3)
for positive constants P and C' which are independent of .

Proof. The proof of this estimate is, analogously to that of Lemma 2.3,
based on a Moser iterations technique and essentially follows [19]. Let
{kn}52 o and {t,}22, be two strictly increasing sequences of exponents and
times, respectively, such that

kozq_27 kn—>OO, t0:O7 tn_>17

and set

kn+2
In = max { HUHLOO([tn’QL Lkn+2(Q))s HUHLkn+2([tn’2]7L3(kn+2)(Q))} .

Then, multiplying equation (2.14) by u|u|*~ and integrating over [t.,t] x Q,
where ¢, is an arbitrary time in the interval [t,_1,t,] and ¢t € [t,,2], we
have, as in (2.21),
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4(k, + 1) kn
Ap, (u(t)), 1) V(u )12,
G ). )+ G [ et

2
+ / |(f (u(®)), u(t)u(t)[*)] dt

< (Ap, (u(t)), 1) + / (o(), u(t) u(t) *) dt. (3.4)

Arguing as in the proof of Lemma 2.3 and using (3.1), we infer the following
inequality:

I, < C(kn +2) (Ak"+2 + ||UH’1§2T§ 2], H(Q))

kn+2 kn+p+2
+ [l L20kn+2) ([t,_1,2],L 8 *n 2 (q)) e Lk”“’*“’)‘
(3.5)
We assume from now on that
3(kp—1+2) >k, +p+2 (3.6)

(this assumption is not contradictory if and only if ¢ > %p, see [19]; other-
wise, the sequence k,, cannot be strictly increasing). Then, there exists
t* € [tn—1,tn] such that

2
a0

O tn n—1+2 C
s O e S b 8)

Furthermore, using the interpolation embedding (2.25) with (k+2) replaced
by &(k, + 2), we deduce that

kn+2
” ‘|L2(kn+2)([t LL%(knJﬂ))
kn+2
S C max {HUHLOO([tn,l,Z},L%w"J&)(Q))7 H’UJHL%(MAJ&)([tn7172]’L3.%<kn+2>(Q))}
kn+2

<G (3.8)
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where we have assumed, in addition, that
7
é(k‘n_l +2) > (kn, +2). (3.9)

Inserting estimates (3.5), (3.7) and (3.8) into the right-hand side of (3.5),
we obtain

n k’n-
I, < C(ky, + 2) max {Ak 2 vl 2. m0 ()
lop+p+2

% C kp_1+2
S Y A b
n — tn—1

1
Thus, setting .J,, := I,*"* and taking the root of power k,, + 2 of both sides
of this inequality, we obtain

C T
Jn < [C(ky + 2)]Far [t] -
n — n-1
kn+p+2
- max {Jnfl, A, HU”LZ([O,2],H1(Q))} Fnt2 (311)

We can now fix the sequence k,, in such a way that k, ~ (%)n (satisfying

both assumptions (3.6) and (3.9)) and finally fix the sequence ¢, in such a
way that

g

tp —th_1= ?a
n

for some constant $ which is independent of n. Then, inequality (3.11) reads
max { Jn, A, [0 £2 (0,21, 11 () }
kn+p+2 kntpt2
< [C1 Ky + 2)]Fo=172F0 ™ max { J,_1, A, V] 20,20, 51 ) ) 7
and, taking the logarithm of both sides of this inequality and setting

Zn := In max {Jn,A, ||v||L2([O,2},H1(Q))}v
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we finally end up with

Zn < anZp—1+ by,

kn +p+2 (3.12)

p
(s 2) (k1 2) O 12)

nzzl )
@ 2

by, =

(we can assume, without loss of generality, that A > 1 and, therefore, Z,, >
0). Iterating estimate (3.12), we find

Zn SPnZO+Cna P, ::Haiv Cn = aflzpn—l-l—ibi-
=1 =1

We finally set P := lim,, .o P, and C := lim,,_,, C,,. These limits exist and
are finite, since we have assumed that k,, ~ (%)n Then, the last inequality
yields

ull oo (1,20, L8n+2(0)) < Jn < max {Jn, A, 0] 220,20, 51 () }
< e max {Jo, 4, |[vl| 2 o 21,12y}
and, consequently,
[ull Lo (1,21x0) < 1111110_)8013313 1wl Loo (1,27, LFn+2 ()

< 60(1 + [l poc 0,21, 9 (02)) + l[ullLapo,2),£29(02))
P
+ vl 20,21, ) (3.13)

for the positive constants C' and P defined above. Furthermore, using esti-
mate (2.24) with £ = ¢ — 2 and the interpolation embedding (2.25), we can
see that

lul Lo (10,27, La )y + 1wl La(jo,21, 232 (02))

q

< C'(1+ (Ag-a(u0), 1) < C"(1+ ol oraey)

(here, we have also implicitly used (3.1)). Inserting this last estimate into
the right-hand side of (3.13), we deduce (3.3) (up to a time scaling) and
finish the proof of Lemma 3.1. O
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Thus, in order to prove the dissipative estimate in L>°(£2), it is sufficient
to obtain it in LPT(Q), for a fixed q > %p. Based on this observation and
using the dissipation integral (3.2), we are now ready to obtain a uniform
(as t — o00) estimate in L>°(Q).

Lemma 3.2 Let the assumptions of Lemma 3.1 hold. Then, the solution
u to problem (2.2) satisfies

[u®)ll~ < QUuollL~nar), ¢=0, (3.14)

where the monotonic function @ is independent of t and wu.

Proof. We multiply equation (1.8) by ulul*, where k > 22 — 2 is some

fized number, and integrate over ). Then, arguing as above and using the
embedding H' C LS, we infer

Be(Ax(u(t)), 1) + 29wt 736 < Co+ Collo(®) s u(®)] ¥, (3.15)

LGty
for a positive constant . Using now the interpolation inequality

3 1
HUHL%(M—% < C||uH]§k+2 ||u||23(k+2)7

together with Young’s inequality with exponents (k + 2), 2 and @, we
see that, for any €,v > 0,

|k+1
1S k+2)

Calloll g
kt2 k1 ket
< Cy (ol Nl s | - [l ] - [lell e |
, E+2 13
< C" [Iollen ull Ze] - [l s |

__k k+2 k k
< {0/8—1/2,y 2(k+2)i| . [51/2||UHH1HUHL2+2} . [/yz(km) ‘|u||23(k+2)

< Cepy +elvllin lull 2 +Allull 36

and, consequently,
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O (Ak(u(t), 1) + a3 o) < Ce+ ello(®) 13 [lul) |72,
Ve>0, (3.16)

which, together with inequalities (2.23) and (3.1) and the inequality 3(k +
2) > k + p+ 2, implies that

0:Br(t) — ()| 31 Br(t) + 7' Be(t)” < O, ' >0, (3.17)

where 0 = kﬁ.ﬁQ <1, Bi(t) := (Ar(u(t)),1) + C4 (for a constant Cy which

is independent of ¢t and u) and Cj is a constant which is independent of ¢
and u. We claim that (3.17), together with the dissipation integral (3.2),
implies the following estimate:

By (t) < Q[[uoll~nm), (3.18)

for a monotonic function () which is independent of ¢ and u. Indeed, setting
t 2
Z(t) = Br(H)K(t) and K (t) := e~ Jo 1?6515 we have

OZ(t)++vKt)=0Z(1t)° < C3K(t). (3.19)
Furthermore, owing to the dissipation integral (3.2),
Ko< K(t) <1, (3.20)

for a constant K, which only depends on the L> N H'-norm of the initial
datum. Thus, using the fact that Z is positive, we have

02 (t) ++' Ko Z(t)" < Cs, (3.21)

which implies (by comparison arguments) estimate (3.18). More precisely,
we have

Z(t) < 7 = max(Z(0), Zy),

1
where Z, := (V/Ig?_g ) ? satisfies 0; 7, + 'y’Ké_er = (3. Therefore, due to
0

(2.23), we have

lu@)[Lr+2 < Q(luollLoernmr), > 0.
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Thus, recalling that k£ + 2 > %p, Lemmas 2.3 and 3.1 give
(@)l < Quollenmr), =0, (3.22)

for a monotonic function ) which is independent of £ and u. This estimate,
together with (2.19), gives the desired estimate (3.14) and finishes the proof
of the lemma. O

The next simple lemma shows that the estimate on the L°°-norm of u
implies an analogous one on the H'-norm.

Lemma 3.3 Let the assumptions of Lemma 3.1 hold and let u be a solution
to Equation (2.2). Then, the following estimate holds:

lu(t + 1)l < Qullpoe(t,e+11x0))s =0, (3.23)

for a monotonic function (Q which is independent of t and wu.

Proof. Tt is sufficient to prove estimate (3.23) for ¢ = 0 only. To this end,
we first multiply equation (2.2) by v and integrate over [0, 1] x . Since the
L°°-norm of u is known, we have, after standard transformations,

1
/0 IVu(s)|I72 ds < Qllull o (0,11x0)); (3.24)

for a monotonic function . We then multiply the equation by td;u and
integrate over [0, 1] x Q. This gives

| sl tuls)oru(s). apute)) + ovus) -]
+ S IVu() s + (D), 1)

-/ 1 (317 + (Fute). 1) ). (3.25)

Using (3.24) and exploiting again the fact that the L>°-norm of the solution
is known in order to estimate the second part of the integral in the right-
hand side of (3.25), we deduce the required estimate (3.23) and finish the
proof of the lemma. O
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We are now ready to formulate and prove the main result of this section,
namely, the dissipativity of u in L () N H(Q).

Theorem 3.4 Let the assumptions of Lemma 3.1 hold. Then, the solution
u to problem (2.2) satisfies the following estimate:

[u®)llLnm < QUuollLwnm)e™™ +Cu, >0, (3.26)

where the positive constant v and the monotonic function @) are independent
of t and u.

Proof.  As usual, in order to prove (3.26), it is sufficient to prove that there
exist a constant C, and a monotonic function )1 independent of the solution
u such that

Ju®)lonm < Cuy Yt 2 Qulluollzoonm)- (3.27)

In order to prove (3.27), we again use the dissipation integral (3.2). Indeed,
let u be a solution to (2.2). Then, due to (3.2), for every N > 0, the interval
[0, Ty — NJ, with To = To(|[uol|onmr) := NQ(|luol| L) (here, @ is the
same as in (3.2)), contains at least one point ¢ty = to(u) such that

to+N
/ [o(8)][7: dt < 1. (3.28)
to

We now consider equation (3.17) on the time interval [to, o + N]. Then, on
the one hand, due to (2.23) and (3.18),
[Bi(to)| < Q(lluoll Leenmr),

s (3.29)
Bk(t) > ’YHU(t)HLk—W - 07 le [t0>t0 + N]?

where the monotonic function @) and the positive constants v and C are
independent of ¢ and u. On the other hand, due to (3.28), estimate (3.20) is

t 2
satisfied for K(t) :== e Jug 10 % with Ko = e~! on this time interval,

and

e 'By(t) < Z(t) < Bp(t), t€ [to,to+ N]. (3.30)

Therefore, due to the comparison principle for scalar ODEs,
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By (t) <eZ(t) <ey(t), te to,to+ N], (3.31)
where the function y = y(t) solves the equation

y +7'K; %" =Cs, O3>0, y(to) > Bi(to), (3.32)

1
We set, as above, Z, = (%) . In addition, we can assume, without
AR

loss of generality, that

y(to) = max {2Z,, Q(|luoll Lnmr) },

where @) is the same as in (3.29). Then, the solution y(¢) is monotone
decreasing and satisfies

Y (t) < Cs ="Ky °(22.)" = —(2° = 1)Cs
as long as y(t) > 2Z,. Thus,
y(t) < max {2Z,,y(to) — (2° = 1)Cs(t — to)} (3.33)
and, therefore,
By(t) < emax {2Z,,Q(||luo| poonm) — (2° = 1)C3(t —t0)}, t € [to, to + N,

where the constants C5 and Z, are independent of ug, tg and N. We now
set

U oo 1
N = Nl mo) = SR 2

Then, the last estimate guarantees that
By(t) <2eZ,., teto+ N —2,ty+ NJ. (3.34)
Inequalities (3.13), (3.28), (3.29) and (3.34) now give
Jull oo ([to+- N —1,t0+ N x2) < C7, (3.35)

where to < To(||uo|| Lng1) and the constant C” is independent of ug. There-
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fore, due to Lemma 3.3, we obtain
lu(to + N) ||z < C”,
where C” is independent of ug. Finally, using estimate (3.14), we infer
u(®)l|Lenmr < Cs, t>to+ N, to < Tolluolleenm).

Thus, (3.27) is verified and the theorem is proved. O

Remark 3.5 The proof of dissipativity given above is strongly based
on the dissipation integral (3.2) and cannot be extended to a system with
nonautonomous external forces for which this integral is infinite. This is re-
lated to the fact that “pathological” nonsmooth solutions to equation (1.8)
may exist if a grows sufficiently fast as |s| — oo (see [7] and [19] for sit-
uations in which one encounters such solutions). In that case, the energy
solutions are not necessarily regular and we need, in addition, to establish
the dissipativity in L?(Q), for ¢ > %p, and, as far as the L9%-estimates are
concerned, we can only treat the term 9;(—A)~!u as a perturbation.

This problem can be overcome if the growth exponent p is not too large,

namely,
(s) <C(1+1s]*), seR, C>0. (3.36)
Indeed, in that case, multiplying equation (2.2) by u, we have

QeB(t) +vB(t)5 +4|[Vu(®)|2 + (f(u(t)), u(t)) < C, (3.37)

where B(t) := (Ao(u(t)),1)+ ||u(t)||3-, and v and C are positive constants.
This estimate gives the dissipativity in L?(£2),

t+1
lu(t)]|72 +/t [IVu(s)l122 + (f(uls)),uls))] ds < Q([luol|e)e™ + C,
t>0, 3>0.

If, in addition, the nonlinearity f satisfies some regularity assumption,
namely,

F(s)<C(1+ f(s)s), seR, C>0,
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multiplying now equation (2.2) by d;u and t0;u and arguing in a standard
way, we deduce the dissipativity in H*(£2),

t+1
lu(t)] 7 +/ [v(8) 1132 ds < Qlluollpenm)e™ +Cu, >0, 3> 0.
t
(3.38)

Thus, we have a dissipative estimate on u in L%(Q). Now, recall that p = 4,
so that we exactly have the limit case ¢ = 6 = %p. If p < 4, the desired
dissipativity in L*°(€2) is an immediate consequence of Lemma 3.1. In order
to handle the critical case p = 4, we need one more step before applying
Lemma 3.1. To be more precise, owing to the dissipative estimate (3.38)
and the interpolation embedding (2.25) (with & = 0), we have an analogue
of inequality (3.15), with an additional function A in the right-hand side
satisfying the estimate

t+1
/ h(s)|ds < Q|luol|pnm)e " +Cy, t>0, B3>0,
t

if k < §. This, in turn, gives the following analogue of (3.16):
0By, (t) + ' [Br(0))” + w73 o) < h(t), =06, >0,
which is sufficient to obtain a dissipative estimate of the form
[l prse((e,41), 2302 (0 < QUIuollLoenmr)e™ +Cu, 20, 3> 0,

if k< %. Thus, we have, for k = %, a control on the L%-norm of u(t,), for
te € [T,T + 1], VT > 0, with ¢ = 3(k +2) = 10, and we can now apply
Lemma 3.1.

It is not difficult to see that this alternative scheme does not require
the dissipation integral (3.2) to be finite and can be extended to the nonau-
tonomous case (i.e., we can, in particular, consider nonautonomous external
forces).

Another possibility to avoid the use of the dissipation integral (3.2) is
to assume that f grows faster than «,

f(8)s > —C +ls|PT?, seR, v>0, C>0.
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In that case, an analogue of (3.37) still holds (but only the second term,
now of the form vB(t), providing the dissipation appears; this dissipation is
due to the nonlinearity, but not to the Laplacian). It is also worth mention-
ing that, in both cases, the above mentioned pathological energy solutions
cannot exist, see [19].

4. Finite-dimensional attractors for L°°-solutions

The aim of this section is to prove the existence of finite-dimensional
attractors for the solution semigroup

S(t):®— @, S(t)up := u(t), (4.1)
associated with equation (2.2) in the phase space
= L=(Q) N HI(Q). (4.2)

We recall that, owing to Theorem 3.4, we already have the dissipativity of
the semigroup (4.1) in P,

IS(t)uolle < Q(luolle)e™ +Cs, >0, v>0. (4.3)

However, if a degenerates, it seems problematic (and even impossible) to
obtain additional regularity on the solutions to problem (2.2) in order to
establish the asymptotic compactness of this semigroup in a strong topology.
Therefore, we will consider below the attractors in a weak topology only. For
the reader’s convenience, we recall the definition of such an attractor (see,
e.g., [3], [5], [24], [30] and [36] for more details).

Definition 4.1 The set A is the weak global attractor for the semigroup
(4.1) in the phase space @ if:

1) A is closed in ® and is compact in ® endowed with the x-weak
topology;

2) A is invariant, S(t)A = A, t > 0;

3) A attracts the images of all bounded sets of ® in the x-weak topology,
i.e., for every bounded set B C ® and every neighborhood O(A) of A in the
x-weak topology of @, there exists a time 7' = T'(B, O) such that

S(t)B C O(A), Vt>T. (4.4)
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In particular, owing to the compact embedding
dcCc HNLY,

for any § > 0 and 1 < ¢ < oo, the weak attraction (4.4) implies the strong
attraction in H'=%(Q) N LP(£2),

where disty (+,+) denotes the Hausdorff semi-distance between sets in V,
defined by

disty (A, B) = sup inf [|la — by
isty (4, B) = sup inf la = bllv

The next theorem establishes the existence of such a weak attractor for the
solution semigroup associated with equation (2.2).

Theorem 4.2 Let the assumptions of Theorem 3.4 hold. Then, the semi-
group (4.1) associated with problem (2.2) possesses the weak global attractor
A in the sense of Definition 4.1. Furthermore, this attractor has the follow-
ing standard structure:

./4 - IC ‘t:(), (4.6)

where KK C L®(R x Q) N L>®(R, H}(Q)) is the set of all bounded solutions
to equation (2.2) defined for all t € R.

Indeed, the asymptotic compactness in the x-weak topology is immedi-
ate, due to (4.3) and the fact that a bounded closed ball in ® is compact in
the #-weak topology, and the continuity of S(¢) (in the x-weak topology) on
the absorbing ball can be verified in a standard way (we leave the details
to the reader, see also [3] and [5]). Thus, usual global attractors’ existence
theorems give the attractor A for the solution semigroup and equality (4.6)
(see again [3], [5], [24], [30] and [36]).

Our next aim is to prove the finite-dimensionality of the above attractor.
Since it is compact in the *-weak topology only, the finite-dimensionality will
also be understood in a weaker topology, say, in H~!(Q). Furthermore, we
will also establish the existence of a so-called exponential attractor for the
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solution semigroup in the sense of the following definition.

Definition 4.3 A set M is an exponential attractor for the solution semi-
group S(t) in ® if the following assumptions are satisfied:

1) M is bounded in ® and compact in the x-weak topology of ®;

2) M is positively invariant, S(t)M C M, t > 0;

3) M has finite fractal dimension in the space H ~1(£2),

dims(M, H1(Q)) < C < o0; (4.7)

4) M attracts exponentially the images of all bounded sets of ® in the
H~'-topology, i.e., for every bounded subset B C ®,

dist-1(S(t)B, M) < Q(||Blle)e™ ", t =0, (4.8)

where the positive constant v and the monotonic function () are independent
of t.

We note that, by interpolation between ® and H (),
ull tr1-snz0 < Cllullf-1 flulls?

where the positive constants C' and 6 depend on § > 0 and 1 < ¢ < o0,
but are independent of u. This shows that an exponential attractor M is
automatically finite-dimensional in the spaces H'=°(Q)NLI(Q), for all § > 0
and 1 < g < 0o, and the exponential attraction property (4.8) also holds in
these spaces.

The next theorem, which establishes the existence of such an attractor,
is the main result of this section.

Theorem 4.4 Let the assumptions of Theorem 3.4 hold. Then, the solu-
tion semigroup S(t) associated with equation (2.2) possesses an exponential
attractor M in the sense of Definition 4.3.

Proof. Keeping in mind the Lipschitz continuity property proved in
Lemma 2.2, we introduce the following nonlinear transformation B of the
phase space ®:

B(u) = a(u) + (=A) 'y, ue . (4.9)
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The next result shows that this transformation is Holder continuous in
H _1((2).
Lemma 4.5 Let the assumptions of Theorem 3.4 hold. Then, the following

inequalities hold, for every uy, us € ®:

1B(ur) — Bug)||g-1 < Cllur — ual|7-1, (4.10)

1
[ur —uzl[g-1 < ClIB(u1) = Blug)| -1,
where the constant C only depends on ||u1|le and ||uz||s.

Proof. We have, since u; € ¢, i =1,2,
1B(u1) = Blus)| -1 < C(lla(ur) — a(uz)llze + ur — uzlm-1)
< Cillur = usllzs < Callur = a1 flun = w2l
< Cllur —usll .
Conversely, using the monotonicity of «,

lur = uzl|F-1 < (B(ur) — B(uz), ur — u)
< C[|B(u1) = B(uz)|| -1 [lur — vzl m
< C"||B(u1) — B(uz) || -

and the lemma is proved. U

The next lemma, which establishes some kind of smoothing property on
the difference of solutions to (2.2), is the main technical tool to prove the
existence of an exponential attractor (see also [27] and [37]).

Lemma 4.6 Let the above assumptions hold and let I > 0, uy and us
be two solutions to (2.2) and w; = B(u;), i = 1,2. Then, the following
estimate holds:

lwy — wal|L2(1,20x0) + 10sw1 — Oswa || L2 (1,21, 553 ()

S C’lel —’w2||L2([07”7H71(Q)), (4.11)
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where the constant Cy only depends on | and on the norms ||u;||e, i = 1,2.

Proof.  Returning to (2.5) and (2.11), we have, for e = £ in (2.11),
Allwl|Fr— + (a(ur) — alug),u) + ullf-1 < Cllwll-, (4.12)
where w = w1 — wo and u = uq — us. Now, we have

(a(ur) = aluz), u) + ul -2 = C(lafur) — a(ua)|[Z2 + [I(=A) " ul|Z2)

> C'wlZe,

for C' > 0 small enough, so that (4.12) yields
1
Ollwlfy-s + CllwlZe + Slullz-2 < C'wl - (4.13)

Applying Gronwall’s lemma to estimate (4.13), we deduce in a standard way
that

21
Hw||%°°([l,2l],H—1(Q))+/l ([ (@) |22+ ()21 ) dt < Collw(@)|[%-.. (4.14)

Furthermore, multiplying (4.13) by t and integrating over [0, ], we find

1
lw®F- < Cz/o [ (t)][F-1 dt. (4.15)
Combining the last two estimates, we obtain
w2 q2nx9) + lull 22,51 @) < Cillwll L2 qo,,5-1(Q)- (4.16)

Thus, the first term in the left-hand side of (4.11) is estimated and we only
need to estimate the H ~3-norm of the derivative d,w. To this end, we note
that the functions u and w solve

Orw = Au — [f(uyr) — f(u2)], (4.17)

so that, taking the H ~3-norm of both sides of this equation and using (2.10),
we finally have
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10cw (@) -5 < [lu(@)l| -2 +[1f (wr ()= f (w2 ()| g5 < Cllu@)]z-». (4.18)

Taking the L?([l, 2{])-norm of both sides of (4.18) and using (4.16), we obtain
the desired estimate for 0w and finish the proof of the lemma. O

We are now ready to finish the proof of the theorem. To this end, we
note that, due to the dissipative estimate (4.3), it is sufficient to construct
the exponential attractor for initial data belonging to the absorbing ball

B :={up € @, |luolle <2C.}. (4.19)

Furthermore, due to the same dissipative estimate, we can fix [ > 0 in such
a way that

S(1)B C B. (4.20)
We now introduce the two spaces
H = L*([0,1], H *(Q)) and H; := L*([0,]xQ)NH([0,1], H3()) (4.21)
and define a map S : B — H by the following expression:
(Sug)(t) := B(S(t)ug), te€]0,1].

Then, due to Lemmas 2.2 and 4.5, this map is uniformly Hoélder continuous
as a map from B, endowed with the H~!-topology, into H. Consequently,
its image

By := S(B) (4.22)

is a compact set of H. We now consider the following map £ which is
conjugated with the solution operator S(I) via the map S:

L:=So5() oS,

Then, owing to (4.20), £ : By — By and, owing to Lemma 4.6, we have, for
every wi, wa € By,

[Lwy = Lwz[lr, < Cllwr — wa[x, (4.23)
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where the constant C' is independent of w;, i = 1, 2.

Since the embedding H; C H is compact, inequality (4.23) implies the
existence of an exponential attractor Ml C By for the discrete semigroup
generated by the iterations of the map £ which satisfies the following prop-
erties:

1) it is compact and positively invariant, LM C M

2) it attracts exponentially the set By, i.e.,

disty (L"Bo, M) < Ce™ ™™, neN, (4.24)

where C' and ~ are positive constants;
3) its fractal dimension is finite,

dim (M, H) < C < oo. (4.25)

We refer the reader to [16] for more details.
We now note that, due to Lemma 4.5 and estimate (4.15), the map

SloL:By—BCd

is uniformly Hoélder continuous with exponent % (here, B is endowed with
the H~!-topology). Therefore, the set

Mg :=S"toLM (4.26)

is an exponential attractor for the discrete semigroup {S(In), n € N} acting
on B C H1(Q).

As usual, the desired exponential attractor M for the semigroup S(t)
in the continuous framework of time can be constructed by the following
expression:

M = UtE[O,l]S(t)Md-

Indeed, due to Lemmas 2.2 and 4.5, the maps S(t) are uniformly Hélder
continuous (for the H~!-topology) for every fixed ¢ and, due to the control
(2.19), every solution u to problem (2.2) satisfies

we C20([0,T), H'(Q), §>0.
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Thus, the map (¢, ug) — S(t)ug is uniformly Holder continuous on [0, I] x M.
All the desired properties of the exponential attractor M are now immediate
consequences of the analogous properties for the discrete attractor My and
Theorem 4.4 is proved. O

Remark 4.7 Since, obviously, the global attractor is a subset of any
exponential attractor, A C M, the above theorem guarantees that the global
attractor A also has finite fractal dimension in H~1((2).

5. Energy solutions and the Cahn-Hilliard limit o« — 0

The aim of this section is to study the Cahn-Hilliard limit & — 0 in
equations (2.2). However, the theory developed in the previous sections is
not sufficient for this purpose, since our L*-estimates essentially depend on
« and diverge as o — 0. Consequently, all further estimates, including also
the dimension of the attractors, diverge as @ — 0. In order to overcome
this difficulty, we will consider weaker energy solutions to problem (2.2) and
will avoid the use of the nonuniform L°-estimates. To this end, we need to
impose the following restrictions on the nonlinearity o € C?(R):

0<d(s) <ag, |a(s)]<ap, s€R, ag>0. (5.1)

Furthermore, in addition to the dissipativity assumption (1.13), we impose
the following growth restriction and quasi-monotonicity condition on the
nonlinearity f:

1f(s)| < C(L+s]), f(s)>—C, seR, C>0. (5.2)

We note that, in contrast to the previous sections, we now no longer need
the nondegeneracy (1.12) of the nonlinearity « at infinity.
We say that a pair of functions (u,v),

ue L*([0,T], Hy(Q)) N L*([0,T], H*(Q)), v e L*([0,T],Hy()), (5.3)

is an energy solution to problem (2.2) if u and v satisfy (2.2) in the sense of
distributions.

The proof of existence of energy solutions is, in view of the assumptions
made on « and f, straightforward.

The next lemma gives the uniform (as o — 0) dissipativity of such
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energy solutions.

Lemma 5.1 Let assumptions (1.13), (5.1) and (5.2) be satisfied. Then,
any energy solution (u,v) to problem (2.2) satisfies the following dissipative
estimate:

t+1
lu(®)[[7: +/t (lo() 72 + lluls)l[7r2) ds < Q(lluollmr)e™ " + Csy 20,
(5.4)

where the monotonic function @ and the positive constants v and Cy are
independent of ag — 0.

Proof. Multiplying equation (2.2) by u and integrating over 2, we have
1
O |(A(w), 1) + Sllullfr | + [Vulfz <C, (5.5)

where A(s) := [ o/(2)zdz. Using the fact that

1
0< A(w) < Laglul®
together with Friedrichs’ inequality, we deduce from (5.5) that
1 1
0| (A, 1)+ Flullros | 4[4, 1) + Gl | +alvuls <,

where the positive constant «y is independent of ag — 0. Applying Gronwall’s
lemma to this relation, we obtain a dissipative estimate in H~*(£2),

t+1
lu()l 7 +/ lu(s)|IF: ds < Clluol|Z2e™ " + Csy £20, v >0, (5.6)
t

where all the constants are uniform with respect to ag — 0.
In a next step, we multiply equation (2.2) by d;u. Then, arguing as in
(2.18) and (2.19), we find

[(t) 172 +/t (' (u(s))Bru(s), Bru(s)) + lv(s)|31] ds < C(1+ [Julto)| ),
’ (5.7)
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where C' is again independent of oy — 0 and ¢ > to > 0 (here, we have
implicitly used the fact that F/(u) < C(1+ |u|*)). Estimates (5.6) and (5.7)
imply the following dissipative estimate in H*():

t+1
lu(t)] 7 +/t [(a' (u(s))Bru(s), Bru(s)) + [lv(s) |7 ] ds
< O+ |uoll g e + C., (5.8)

t > 0, v > 0, where all the constants are again uniform with respect to
ap — 0 (indeed, taking, e.g., t = 1 in (5.6), we note that there exists
to € (1,2) such that [|u(to)]|3: < C|lugl|32e~ 7" +C.). Thus, it only remains
to deduce an L?(H?)-estimate on u. In order to do so, we note that, owing
to the global boundedness of o,

t+1 t+1
/t |0rcx(u(s))||32 ds < ozo/t (' (u(5))0pu(s), dpu(s)) ds. (5.9)
Furthermore, due to the estimate |f(u)] < C(1 + |u|?) and the embedding
H' C LS, estimate (5.8) allows to control the L2([t,t + 1] x ©)-norm of
the terms f(u) and v = —(—A)~*,u in equation (2.2). The classical H?-
regularity theorem for the Laplacian now gives the desired control on the
L?(H?)-norm of u and finishes the proof of the lemma. O

The next lemma establishes the uniqueness of the energy solutions.

Lemma 5.2 Let the assumptions of Lemma 5.1 hold. Then, an energy
solution is unique. Furthermore, any two energy solutions uy and us to prob-
lem (2.2) satisfy estimate (2.3), where the constants C' and C’" are uniform
with respect to ag — 0.

Proof. The proof of this lemma basically follows that of Lemma 2.2, but
we now no longer have a control on the L*°-norms of u; and us and, conse-
quently, we need to estimate the term

|(f(u1) = f(u2), (—A) " w)|

in a different way, using the growth restriction on f instead of the L°°-
control.
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We set (¢ fo (sup(t) + (1 — s)uz(t)) ds, so that f(ui) — f(ug) =
[(t)u. Then, usmg the embeddlng H!' C L® we have, for every ¢ € H}(Q),

|(f (ur) = f(u2), @) = [(u, L) P)| < l[ull - [[1(E) @l rn
< Cllullg-1 (11Ol ze + IV2E) ]| 22) |l 2
and, consequently,
1f (ur) = flu2)ll =2 < CNU) Lo + VU 22) el -1 (5.10)
Using now the growth restriction on f and the interpolation inequality
luillie < Clluillm uillm=,  @=1,2,
we have
1)L~ < CA+ flurllar + [Juzll ) (X + lusll a2 + [Juzll z2)-
Analogously,
V05 < C sup (14 s Vo 1)
< C' (LA fJurllg + [luell ) (X + luall 2 + fJuzlla2)-

Thus, using the uniform control on the H!'-norm of the solutions given in
Lemma 5.1, we finally have

|(f (ur) = fluz), (=A) " w)]
< f(ua) = flu2)l[g-rlwllz—
< eflullf- + Ce(L+ lluallzrs + lluzllF) llwlF-1, (5.11)
where € > 0 is arbitrary and C. depends on ¢ and on the H'-norms of wu;

and us, but is independent of ag — O.
Furthermore, since o/ (u) < ay,
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lwllf < 2[lla(ur) — a(uz) 72 + [lullF -]
< Clao(u, afur) — a(uz)) + [|ull -]

< O'[(u,aur) — a(u)) + lul}]. (5.12)

where the constant C” is independent of ag — 0. Inserting estimates (5.11)
and (5.12) into inequality (2.5), we deduce that

Arllw(®) 31+ (oIl + lu(®) %)
< C(L+ lun(®) 3 + s (0) 3 eo(®) 31 (5.13)

where the positive constants v and C' are uniform with respect to ag — 0.
Applying Gronwall’s lemma to this relation and using the control on the
L?(H?*)-norms of u; and uy obtained in Lemma 5.1, we deduce estimate
(2.3) and finish the proof of the lemma. O

Corollary 5.3 Let the assumptions of Lemma 5.1 hold. Then, for any
two energy solutions uy and usy and w; := B(u;), i = 1,2, we have estimate
(4.11), where the constant C; depends on | and on the L>°(H')-norms of u;
and usg, but is independent of ag — 0. Furthermore, the constant C' in the
Holder continuity inequality (4.10) is also uniform as ag — 0.

Indeed, the uniform estimate (4.11) follows from (5.13) exactly as in
the proof of Lemma 4.6 and the uniform estimate (4.10) can be obtained
repeating word by word the proof of Lemma 4.5 (but now using the fact
that o is globally bounded).

Thus, under the assumptions of this section, equation (2.2) is well-posed
in the energy phase space ®.,, := H}(Q) and generates a dissipative solution
semigroup S, (t) in this space,

Sa(t) : Pepy — Pepy,  Sal(t)ug = u(t), (5.14)

where u solves equation (2.2) (since we are now interested in the limit e — 0,
we explicitly indicate the dependence on the nonlinearity «). According to
Lemma 5.1, this semigroup is dissipative in the energy phase space ®.,,

[[u(t)] o) T+ C, 20, (5.15)

0., < Q([luol
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where the monotonic function ) and the positive constants v and C, are
independent of ¢, ug and cg — 0. Moreover, due to Lemma 5.2 and Corollary
5.3, this semigroup is (uniformly with respect to ap — 0) Hélder continuous
in ®.,, endowed with the H '-norm.

Furthermore, analogously to Theorem 4.2, this semigroup possesses the
weak global attractor A, in the phase space ®.,. We also note that the
case ag = 0 (i.e., &« = 0) corresponds to the classical Cahn-Hilliard equation

O(—A)u=Au— f(u), ulog =0, ul—o = uo, (5.16)

which, as is well-known, possesses smooth global (.4() and exponential (M)
attractors, even in the strong topology of the phase space @, (see, e.g., [17]
and [36]).

The following result, which gives a robust Holder continuous family of
exponential attractors for equations (2.2) as o — 0, can be considered as
the main result of this section.

Theorem 5.4 Let the assumptions of Lemma 5.1 hold. Then, for ev-
ery nonlinearity « satisfying (5.1), there exists a weak exponential attractor
M, C Dy of the solution semigroup S, (t) in the sense of Definition 4.3
(in which the space ® is replaced by ®e,,). Furthermore, these attractors are
uniformly (with respect to ag — 0) bounded in ®.,, and estimates (4.7) and
(4.8) are also independent of g — 0. Finally, the attractors M, tend to the
limit Cahn-Hilliard attractor My as o — 0 in the sense of the symmetric
Hausdorff distance in H=1(Q),

dist3?"; (Ma, Mo) < Caf, (5.17)
where the positive constants 6 and C are independent of o and can be com-
puted explicitly.

Proof. To prove this result, we need one more lemma to estimate the dif-
ference between the solutions to equations (2.2) and (5.16).

Lemma 5.5 Let the assumptions of the theorem hold and let u,, and ug be
two solutions to problems (2.2) and (5.16), respectively. Then, the following
estimate 1s valid:
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[t (t) = uo ()71 +/O lua(s) = uo(s)ll7 ds
< Ce™ ([[ua(0) — uo(0)|[7 -1 + ao), (5.18)

where the constants C' and K depend on the H'-norms of u4(0) and ug(0),
but are independent of t and ay — 0.

Proof. We set u := uy — ug. Then, this function solves
O (—A) ' — Au+[f (ua) — f(uo)] = =o' (ta) st (5.19)

Multiplying this equation by u and using the quasi-monotonicity assumption
on f and a proper interpolation inequality, we deduce in a standard way that

Ocllu@®) Iz +ylu(®)lF < Kllu(®)l3-+Clle’ (ua)Ovall - |ull 2, (5.20)

where the positive constants v, C' and K are independent of ag — 0. Fur-
thermore, arguing as in the proof of Lemma 5.2, we can check that

[ (ua () Oeua(®)|| -1 < Cao(l + [[ua(®)llz2)10a(®)llm-,  (5.21)

where the constant C' depends on the H!'-norms of the initial data, but is
independent of ay. Applying now Gronwall’s lemma to (5.20) and using
the uniform control on the L?(H?) N L>(H"')-norms of u, and uy and the
control on the L?(H~!)-norm of dyu, given in Lemma 5.1, we deduce the
desired estimate (5.18) and finish the proof of the lemma. O

We are now ready to finish the proof of the theorem, proceeding exactly
as in the end of that of Theorem 4.4. Indeed, according to the dissipative
estimate (5.15), the ball

B:= {U(] € q)ena ||U0||q>en S 20*}

is an absorbing ball for all the semigroups S, (t) if ag is not too large (say, if
ag € (0,1]). Furthermore, according to the same uniform estimate, we can
fix | (independently of «p) in such a way that

S.()BCB
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if ag is not too large. We also define the transformations B, : @, — Pen
by

B (ug) := a(ug) + (=A) tug,  Bo(ug) = (—A) ug,
and the lifting maps S, : B — H by
(Sat0)(t) := Ba(Sa(t)), te€]0,]]

(the spaces H and H; are defined in (4.21)). Then, according to Corollary
5.3 and Lemma 5.2, the sets

Bo(a) := Sa(B) (5.22)

are uniformly bounded and compact in H. Finally, we define the maps L,
by

L :=Sq 08,(1) o [Sa] ™

and construct the desired family of exponential attractors for the maps L.
Indeed, according to Corollary 5.3,

Hﬁawl — an2HH1 < Cle — ngH, w; € Bo(a), 1=1,2, (523)

where the constant C' is independent of g — 0. However, the phase spaces
Bo(«) for the maps £, now depend on «. In order to overcome this difficulty,
we introduce the projectors I, : Bo(a) — Bo(0) and Iy, = H;io
defined by

Iy _ow :=Sg o [Sa] 1 w.
Then, due to Lemma 5.5, it is not difficult to see that

1
||Ha—>0w — w”H < CO&&, w e Bo(a);
(5.24)

1
||HO—>aw - wH'H < Ca§> w e ]BO(O)7

where C'is independent of oy and w. The last estimate shows, in particular,
that
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1
dist3?™ (Bo(r), Bo(0)) < Cod.
Furthermore, Lemma 5.5 also implies that
1
| La(Ilp—qw) — Low||x < Cag, (5.25)

where C' is again independent of w € B((0) and «y.

Thus, due to estimates (5.23), (5.24) and (5.25) and using an abstract
theorem on the existence of robust families of exponential attractors, see,
e.g., [20] and [30], the maps L, possess a family of exponential attractors
M, C H which satisfy estimates (4.24) and (4.25), uniformly with respect
to «, and, in addition,

dist3¥™ (M, Mp) < Caf,

where 6 > 0 and C are independent of «.

Returning to the phase space ®.,, (exactly as in the end of the proof
of Theorem 4.4), we obtain the desired family of exponential attractors
M, C ®., and finish the proof of Theorem 5.4. U

Remark 5.6 Since the attractors M, are uniformly bounded in H*(f2),
estimate (5.17), together with a proper interpolation inequality, gives

dlSt?}qmg (Mon MO) < 050486,

where the constants Cs and 05 depend on é§ > 0, but are independent of «.
In particular, we have the Holder continuity of the family M,, in L?(€2).

Remark 5.7 We assume that, in addition, the nonlinearity a does not
degenerate at infinity (i.e., (1.12) holds). Then, arguing as in Section 3 (see
also Remark 3.5), we can prove that

Sa(t) : @y — @ := L(Q) N HH(Q), (5.26)

for every t > 0, and, consequently, the global attractor constructed in Sec-
tion 4 for the L°°-solutions coincides with that based on the energy solutions
(since any energy solution becomes an L*°-solution as soon as ¢t > 0). How-
ever, as already mentioned, the L>-estimates are not uniform with respect
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to ag — 0 and, consequently, are useless for the purposes of this section.

6. Appendix. The nondegenerate case

The aim of this appendix is to show how to obtain additional regularity
results on the solutions to (2.2) in the nondegenerate case where a € C?(R),
up € C?(Q2) and

a'(s)>ap>0, seR. (6.1)

We first recall that, due to Theorem 3.4 and estimate (2.18), we have the
following a priori estimate in L (2) N H}(Q):

lu(t) T oo e +/t 10su(s) 17—+ ds < Q(lluollo2)e ™ + Cx, >0, (6.2)

for positive constants v and C, and a monotonic function Q.

Our aim is to exploit the fact that o does not degenerate in order to
establish additional regularity on the solutions. To be more precise, the
following result holds.

Proposition 6.1 Let the assumptions of Theorem 3.4 hold and let, in
addition, o € C?(R), ug € C%(Q) and (6.1) be satisfied. Then, the solution u
to problem (2.2) belongs to the parabolic Sobolev space W 12)4([T, T+1]x ),
forany 1 <qg<oo andT >0, and the following estimate holds:

Jull oz rs11x) + 1l Loz, wza@) < QUluollc2)e™™™ + Cy,  (6.3)

for positive constants v and C, and a monotonic function Q which may a
priori depend on q, but are independent of T and u.

Proof. We rewrite equation (2.2) in the form of a linear equation,
a(t, )0 — Au = hy(t,x) := —(=A) " Pu(t, ) — f(ul(t,z)), (6.4)
where
a(t,z) := o' (u(t,z)).

We note that, on the one hand, due to (6.1) and (6.2), we have the following
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nondegeneracy condition on a:
0<ap<a(tz) <Q(uolc2)e " +Cs, t>0, z€Q, (6.5)

for positive constants v and C, and a monotonic function (). On the other
hand, estimate (6.2), together with the embedding H! C L°, guarantees
that the right-hand side h,, is regular enough,

hall L2 (rr+11,06(0)) < Q|[uollc2)e™ ™ + C. (6.6)

These two estimates allow to apply the classical De Giorgi technique to the
linear parabolic equation (6.4) and to establish the uniform Hélder continu-
ity of the solution u,

llullcs (jr,r+17x0) < Qlluollc2)e™ " + C, (6.7)

for positive constants J, v and C, and a monotonic function @ (see, e.g.,
[25]).

The above Hélder continuity property implies that the coefficient a(t, =)
is also uniformly Holder continuous with respect to ¢ and x. This, in turn,
implies that we can apply the standard localization technique in order to
extend the maximal regularity estimates for the heat equation to equation
(6.4) (see [25]). In particular, we have the following anisotropic maximal
regularity result:

0sull L2 (7,011, 26 (2)) + lull 2 (7, 7411, w208 ()

< C(hullp2(r=—1,1+11, 50y + lullLeo ((r-1,7+1)%0)) » (6.8)
for T'> 1, and

10¢ull L2 (0,17, 25 () + lull 220,17, w26 ()

< C(llhulle2qo,1,L8(0)) + lluolle2). (6.9)
These two estimates, together with (6.6), give

10eull L2711, 209)) + lull L2411, w20 (0)

< Q(lluolle2)e™" + Ci, T >0, (6.10)
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for positive constants v and C, and a monotonic function Q.

Our next step is to obtain an estimate on the L>°(L?)-norm of d;u. To
this end, we differentiate equation (2.2) with respect to ¢ and set v := Jyu.
Then, this function solves

o ()0 + o' (u)v? + (=A) Lo = Av — f'(u)v. (6.11)
Multiplying this equation by v and integrating over €2, we have
O [ (o (w)v, v) +[[v]|F -1 ] +2( Vol 22 +2(f (w)v, v) + (@ (u),v°) = 0. (6.12)

Integrating this equality with respect to t € [0,1] and using the non-
degeneracy assumption, the L°°-estimate on u and the obvious fact that
|0:u(0)]| 2 < Q(|lugllc2), we deduce that

10112 o,11,22()) T 10172 0,13, ) < C 01T (0,11x0) + 1) + Q(lluollc=2),
(6.13)

where the constant C' only depends on the L*-norm of . Writing now
HUH?iB([o,u,LB(Q)) < CHU||L°°([O,1],L2(Q))||UH%2([0,1},L4(Q))
<elvllieonyz2y + Cellvlliz ooy, €>0,
fixing € > 0 small enough and using (6.10), we deduce from (6.13) that
[0eull Lo (10,17, 22(02)) < Q([[uolle2), (6.14)

for a monotonic function (. Furthermore, multiplying (6.12) by ¢t — 7'+ 1,
integrating over [T'—1,T + 1] and arguing as above, we obtain the following
smoothing property on d;u:

||atu||L°°([T,T+1],L2(Q)) < C(”atuHi2([T—1,T—+—1],L6(Q)) + 1), (615)

where T' > 1 and the constant C' only depends on ||ul| o ((7—1,7+1]x0)-
Estimates (6.14) and (6.15), together with the dissipative estimates (6.2)
and (6.10), give the desired dissipative estimate on the L?-norm of d;u,

J0au(®)llze < Qluollcz)e " +Cuy £ >0, (6.16)
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for a monotonic function @) and positive constants v and C,.

It is now not difficult to finish the proof of the proposition. Indeed,
the last estimate, together with the embedding H? C C, gives a dissipative
estimate on the L>°-norm of the function h, in the right-hand side of (6.4),

ha ()] < Q(llugllcz)e™ " + Cy, >0, v > 0. (6.17)

Applying then the usual L?-regularity estimate to the parabolic equation
(6.4), we deduce the desired estimate (6.3). The existence of a solution
follows from this a priori estimate exactly as for second order semilinear
parabolic PDEs (see [25]). O

Remark 6.2 The above scheme shows that the maximal regularity of a
solution u is restricted by the regularity of o, f and Q (and wug if we are
interested in the regularity near ¢ = 0) only. In particular, if i, f and Q are
of class C'*°, then the solution w is also of class C'*° with respect to x and t.
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