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The viscous Cahn-Hilliard equation may be viewed as a singular limit of the
phase-field equations for phase transitions. It contains both the Allen-Cahn and
Cahn-Hilliard models of phase separation as particular cases; by specific choices of
parameters it may be formulated as a one-parameter (say a) homotopy connecting
the Cahn—Hilliard («=0) and Allen—-Cahn (a=1) models. The limit =0 is
singular in the sense that the smoothing property of the analytic semigroup changes
from being of the type associated with second order operators to the type
associated with fourth order operators. The properties of the gradient dynamical
system generated by the viscous Cahn-Hilliard equation are studied as o varies in
[0, 1]. Continuity of the phase portraits near equilibria is established independently
of e [0, 1] and, using this, a piecewise, uniform in time, perturbation result is
proved for trajectories. Finally the continuity of the attractor is established and, in
one dimension, the existence and continuity of inertial manifolds shown and the
flow on the attractor detailed. © 1996 Academic Press, Inc.

1. INTRODUCTION

In this paper we prove various analytical results concerning the viscous
Cahn-Hilliard (VCH) equation in dimension d =1, 2 or 3 namely:

(I —a)u,=Aw, xeQ, t>0,

(1.1)
oau, = Au+ f(u) +w, xeQ, t>0,
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together with the boundary conditions
u=w=0 for xedQ, t>0, (1.2)
and initial condition
u(x, 0) =uy(x), xeQ. (L.3)

Throughout the paper «€[0, 1] and  is a bounded domain in RY with
sufficiently smooth boundary 09Q2. We make the following assumption
about the function £(-):

Assumption (F). The function f(-) has the form

2p—1

fluy="3, bu’, b,, <0
Jj=0

where p=2 if d=3 and p < oo otherwise.

The equation arises as a model of phase transitions and is derived in
[17]. Note that the typical function f(-) arising in applications is

flw) =y~ "[u—u’] (14)

and that this satisfies Assumption (F).

Our aim in this paper is two-fold. First, by setting « =0 and a=1 in
(1.1)—(1.3) we obtain two distinct models of phase separation namely the
Cahn-Hilliard model of spinodal decomposition and the Allen—Cahn
model of grain boundary migration. It is of interest to understand how
these models are related and the homotopy parameter a enables us to do
this. Note that the model (1.1)—(1.3) itself arises as a singular limit of the
phase-field equations for phase separation: see [ 3]. Secondly, for «a =1 the
dynamics of the resulting reaction-diffusion equation are very well under-
stood. It is an interesting question in the theory of differential equations to
extend this knowledge to other equations and the model (1.1)—(1.3) enables
some steps to be made in this direction. Numerical results showing the
insensitivity of the global attractor for (1.1)—(1.3) to changes in « may be
seen in [3].

In Section 2 we describe an existence and regularity theory for the
equation, based on the theory of analytic semigroups in [ 10, 18, 15]. In
Section 3 we consider the continuity with respect to o of phase portraits
near equilibria; our approach is based on a formulation for trajectories of
evolution equations as boundary value problems in time and is motivated
by [ 14]. In Section 4 we use the results of Section 3 to prove a shadowing-
type result for trajectories of the viscous Cahn—Hilliard equation, again
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with respect to variations in the parameter «. The form of results is very
closely related to, and motivated by, the work of Babin and Vishik [17];
however the results do differ slightly in form and non-trivially in proof and
may therefore be of independent interest. In Section 5 we consider the
existence of a global attractor and discuss its continuity with respect to o
using the results of Hale [9]; furthermore, (in one dimension) we apply a
theorem of Mischaikow [16] which enables us to study the dynamics on
the attractor with respect to variation in the parameter «. In Section 6 we
also work exclusively in one dimension and prove existence and perturbation
results for an inertial manifold. Numerical data presented in [2] indicate
that results similar to those proved here also hold for (1.1) subject to
Neumann boundary conditions.

Throughout this paper C denotes a generic constant independent of a,
but possibly depending upon other quantities. The notation C, is used to
denote a constant depending upon a € (0, 1] which may become unbounded
as o — 0.

2. EXISTENCE AND REGULARITY

In this section we formulate (1.1)—(1.3) as an ordinary differential equa-
tion in a Banach space and apply semi-group theory (cf. [ 10, 18]) to prove
existence and regularity results together with continuity results, in a, for
trajectories. Let (-,-) and |-| denote, respectively, the inner product and
norm of L*(Q). We define the linear operator 4 = —A with domain of
definition Z(A4)= H*(Q) n H (R2). By spectral theory we may also define
the spaces H*® = Z(A*?) with norms |v|, = |A¥?v| for real s. It is well known
that H* is a subspace of H*(Q) and that |-|, and |-|,=] - | 1752y are
equivalent on H*. In particular |v], = ||4"?v|| = |Vo| is equivalent to |v| :=
|v], on H'(L) and

v, <Clvl, VveH*, s=0. (2.1)
We use the notation

B(o,r):={ueHyQ2): |lu—v|<r},
B (v, 1) :={ueZ(A): |u—v|[,<r}.

We define G: L*(2) — Z(A) to be the Green’s operator for A. Thus

v=Gf = Av=f.
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Finally we introduce the invertible operator B,: L*(2) — L*(Q) defined by
B i=al+(l—a)G (2.2)

and the operator A4,:=B_'4 whose domain of definition is, for a >0,
D(A,) = D(A) so that Z(A%?) = H* and for a =0, Z(A4,) = H* It is
convenient to use the notation |v|:= (v, B,v)"% Clearly, for « >0 there
exists C such that

o' | < |v| < C vl Yve L3(Q) (2.3)

and for « =0, [v|z=|v] _; := ||v]| ;j-1(). Furthermore for each a € (0, 1] and
p=0, BP: L*(Q)— L*Q) is bounded and has a bounded inverse.

It follows that (1.1)-(1.2) may be written as the abstract initial value
problem

Bu,+ Au=f(u), (2.4)
or equivalently
u,+ B, " Au=B_'f(u), (2.5)
with
u(0) =u,. (2.6)

Note that, since B, ' is bounded from L*(Q2) into itself for each o >0,
Eq. (2.5) is qualitatively of second-order in space for o> 0, although it
also has a non-local character. In contrast, for « =0 the equation is of
fourth-order in space and local in character. Thus a =0 is a singular limit
for the equation.

Under Assumption (F) it may be shown (see, for example, [8]) that
f(u) satisfies the following estimates: for all u, ve 4(0, R) there exists
C=C(R) >0 such that

Lf'(u) w| < C |wll, (2.7)
|f(u) —f(0)| < C Ju—v], (2.8)
|f"(u) wz] < C | w] - ||z, (29)
[A(CS"(u) w)l < C(Iwls + [ul 5 [w]), (2.10)

|/ (u) v] -, < Clol. (2.11)
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Let the set of equilibria of (2.4) or (2.5) be denoted by & so that
&={veH?: Av=Ff(v)} (2.12)

and & is clearly independent of «. Then, under Assumption (F) and
smoothness of 0Q, there is a constant C > 0:

v, < C Yved. (2.13)

Throughout the paper we assume that & contains only hyperbolic

equilibria so that & contains N distinct points. Equation (2.4) has the «
independent Lyapunov functional Ve C(H (), R) defined by

V(o) :=3[vl} — (F(v), 1), (2.14)

where F(u) := j” f(s) ds. Solutions of (2.4) clearly satisfy
|u|2+£V(u)—0 (2.15)
tIB dt Y .

In [9] it is shown that there exist ¢;>0, i=1, 2 such that
Viv)=c |v]T—c,  Yoe HY(Q). (2.16)
It also follows from Assumption (F) that 3C= C(R) > 0 such that
Viv)y< C Yve %(0, R). (2.17)
Hence, under Assumption (F), equation (2.15) yields the a priori estimate
lu(t), < C(R)  Vi=0 (2.18)

for solutions of (2.4) with u,e %(0, R). This fact is used to establish global
existence of solutions to (2.4).

Let S,(-,-): R x Hy(Q)— H}(2) denote the solution operator to (2.4)
so that u(z)=S,(t, uy). We denote by DS,(-,-) and 0,S,(-,-) the Fréchet
derivatives of S, (¢, u) with respect to u and ¢ respectively.

Using the theory in [10] for >0, the results of [8] for « =0 and
similar results concerning the derivative of the solution operator, we have
the following existence and regularity theorem for solutions of (2.4).

THEOREM 2.1. For any uye %(0, R) there exists for each ae€[0,1] a
unique solution u(t) to (2.4) such that u(t)e C([0, T]; H(Q))n C'((0, T7;



392 ELLIOTT AND STUART

%(Q)) for every T >0. Furthermore S,e C'(R™ x H}(Q), H)Q)) and
there exist constants C,(T, R, ) and C¥(T, R, B) for i=1, 2, 3, 4 such that

[So(, ug)l s < Cit™ (f—Dja Vte (0, T], Vpe[l, 4]
|S,(t, u0)|ﬁ<C°1‘t*(ﬁfl)/2 Vte (0, T], Vpe[l,2], ae(0,1]
10,So(t, ug)| < Cyt 4 Vie(
10,8 (t, u))| < C5t~ 12 Vie(0,T], ae(0,1]

10,DS(1, ug) w| < C5t 3 |w|| Vie (0, T]
10,DS, (1, ug) w| < C3t =2 ||w]| Vie(0,T], ae(0,1].

[DSo(2, ug) w|| < Cy lw]| Vte (0, T]
DS, (t, uy) w|| < C5 |w| Vte(0,T], a«e(0,1].

COROLLARY 2.1. For each ae€[0,1], S(-,-) is a C' gradient semigroup
for which orbits of bounded sets are bounded and which is completely
continuous and asymptotically smooth.

Proof. Let E be a bounded set in H)(R). By (2.15)~(2.17) it follows
that {S,(#,7): ne E} is uniformly bounded in H () for all #>0. Further-
more, from Theorem 2.1 we deduce that {S,(z,7): 7€ E} is uniformly
bounded in ||-||,=| - |z for all £>=1. Thus the semigroup is completely
continuous in the terminology of [9], p. 36. Corollary 3.2.2 of [9] shows
that the semigroup is asymptotically smooth. Finally, Theorem 2.1 shows
that each orbit S,(z,7) (n€ H(£2)) is pre-compact and hence, by (2.15),
S,(+,-) defines a gradient system in the sense of Definition 3.8.1, [9]. |

The next lemma is of interest when studying the singular limit o« — 0. It
estimates the smoothing properties of exp(—A4,7) B, ' in an « independent
way.

LemMa 2.2. Let (y—p)e[ =2, 2]. Then there exists a constant K>0
such that

K ull s
rSTG—pA+12

le="Bul, < Vae[0,1], Vi>0. (2.19)

o0

Proof. Let A have eigenfunctions {¢;} ~, and eigenvalues {4;} 7, and
set

=§@% (2.20)
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Define
W=7 f(ad,+ 1 —a), (2.21)
noting that these are the eigenvalues of 4,,.
Let A(y) be the positive root of
JE—aph—(1—a) =0 (2.22)
so that
A=%(oaf + [0 +4(1 —a) Yy ]'72). (2.23)
Note that, from (2.21) it follows that, since € [0, 1], we have
¥, >min(4;, 47)
and hence that there exists y* > 0 such that
v, zy*>0 VieN, VYae[0,1].
Calculation shows that
e~ Bl = Y. a2y expl—2y1),
- (2.24)

oo}

lullz= Y. aj2}.
Jj=1

Thus it is sufficient to find K> 0 such that, for all se[ —2, 2],

() =) "2yl exp(—201) PTIK K W=y, ael0,1], 1>0.
(2.25)

From (2.23) it follows that, for «e[0, 1],
AMY)=(1 =)' 2y YpeR*. (2.26)

MY) Z o,

Now let

¢ =max [O_s/2+lefza]

=0
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noting that ¢ < oo since s> —2. From the first bound in (2.26) and from
(2.25) we deduce that, since s <2,

g(W) < (o) 2 exp(—2y1) 2!
= 2R () exp(—2y1)
<@ ()il
Similarly, but using the second bound in (2.26),
gW) <[(1 =) Y212 42 exp( —241) 12!
=(1—a)27 1 (Y1) * ' exp(—2y1)
<(1—a)1g.
Putting these two bounds together gives

g) <min(o® (Y *)2 L (T—=a) 7 g W =y*, V>0
Now, since s <2, we have

(= ng)lxl]min(oc“z(lp*)s/zfl,(l—a)s/2*1)<oo
ae[0,

and we deduce that (2.25) holds with K ={q. This establishes the lemma. ||

Using Lemma 2.2 we may prove the following perturbation result for
trajectories of (2.4).

THEOREM 2.3. Let &, %€ (0, R) and let o, ¢, «+¢e€[0, 1]. There are
constants C;=C(a, R, T') and C, = C,(R, T) such that, for all te (0, T],

152, &) = S* (0, O < CILIE" =& +el,  Vae(0, 1],

IDS*(2, &) w—DS* (1, &) wl < Cye [wll, Voe(0,1],
(2.27)
IS%(2, &°) — S, &%) < l/z[lf’ &l +e]
| DS“(t, &) w = DS, &) wil < 775
Proof.  We recall the equations
B uf+ Au* = f(u™), u*(0)=¢- (2.28)

B,vi+ Av*=df(u*) v,  v*(0)=w (2.29)
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satisfied by S*(z, £*) and DS*(¢, £*) w respectively. Note that, if
O(t) :=u*+%(t) —u’(t) (2.30)
then (2.28) gives
B, .0, +A0=f(u"")—f(u) +e(G—1I)u;
Applying the variation of constants formula we obtain
10()] < le==+=6(0)

n (2.31)

[ ettt B L ) — ) (G — 1) uf] ds
0

If « >0 then boundedness of B,  and equivalence of D(A”) and D(A”)
gives us

10(2)[ < 16(0)] +f 1/2 L1/ —fu)| + e ug| ] ds (2.32)
Applying the Lipschitz condition (2.8) on f and Theorem 2.1 we find that

C, HH( )| ds ‘ C,ds
o< 10)1 + || =T e [

C, 116(s)|l ds

T (2.33)

<100 + oo+ [,

By application of the Gronwall lemma in [8], the first result follows.
If =0 then (2.31) and Lemma 2.2 yields

16(2)[| < [16(0 H+f 3/4[|f( ') —f(u®)| +e |u| ] ds (2.34)

The Lipschitz condition (2.8), Lemma 2.2 and Theorem 2.1 gives

os)lds  _ Cd
16(1)] < 60 >n+j Cl0(s)| ds I - s

34 N34 34
(1—ys) )7 s

Ce f’ C 1)l ds (235)

<10O) +m+ [ = =

Application of the Gronwall lemma in [8] gives the third result.
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We now consider the estimates on the derivative of the solution
operator. Defining

A1) :=v"* (1) — v™(1) (2.36)
yields from (2.29)
B, ¢, +Ad=df(u**%) v*+* —df(u*) v* +e(G—1I) v?. (2.37)

For simplicity we consider the case « =0. We obtain, by Lemma 2.2,

16011 < 190)]+ | ﬁ [ldfu) o —df(u®) o] +21(G—1) 091

<40+ (I_CS)/ [ILdf () — df )] 0] + df () o — 1)
tC(G—1T)v? ds

+8J0 w
y (2.7), (2.9) and Theorem 2.1 we have
lp()l < 9(0)] +f _c IO [0°Cs) ]| + Nl p(s) ] ] s
h o (1—s5)"*

C||w| ds
té J (1— 2/4 PECS

Using the third bound from this theorem with &= ¢° and noting that
¢(0) =0 we have, from Theorem 2.1,

eCllwllds  e|wl JI Clg(s)|l ds
(t—s)3/4 $12 (12 o (l—s)3/4

Ce |w|  Ce|w]| j’ Cl¢(s)| ds
=T A (12 (t—s)3/4

ool <

(2.38)

The Gronwall lemma of [8] gives the result. The bound for o # 0 follows
similarly. |

LemMMA 2.4. For all u,e %(0, R) there exists a constant C=C(R)>0
such that, for all [0, 1]

1d
5| Baul*<Clulh 10, (2.39)
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Proof. Using the regularity from [10] and [8] it follows that u,, exists
for >0 so that u, satisfies the equation

B,u,, + Au,=f"(u) u,, t>0. (2.40)

Taking inner products with B,u, yields

1d
1% 1B, |” +a Ju,I” + (1 =) Ju,|?
2

I3 1
<|f’(u)u,|3IM,IBSEIf’(u)uzlf;Jr?Iullfg- (241)

Now
|f" () w = | f"(u) |2+ (1 =) [ f"(u) w, |2

By (2.7) and (2.11) we have
|f" () u,) 5 < COR) [ fJua, ]|+ (1 —a0) [, |?]. (2.42)

Thus, by choice of ¢ sufficiently small, the result follows. ||

3. NEIGHBOURHOOD OF AN EQUILIBRIUM POINT

Here we prove perturbation results, with respect to a, for phase portraits
of (2.4) near equilibria. Consider Eq. (2.4) in the neighbourhood of a
hyperbolic equilibrium point i € &. By introducing v =u — & we obtain

B,v,+ Lv=h(v), v(0) =10, (3.1)

where ¥ = A —df(u), h(v) =f(u+v) —f(a) —df(u)v.

Below we prove that %, := B, ' is sectorial. Hence we may define pro-
jections P,: H)(Q)— Y, and Q,: Hy(Q)— Z, associated with those parts
of the spectrum of %, with negative and positive real parts respectively.
Since @ is hyperbolic we have H)(Q)=Y,® Z,. We will drop explicit «
dependence in P, Q, Y and Z except where necessary.

LemMA 3.1. The operator &, s sectorial for every oce[O,l]. For
ae(0,1] we have D(LPY=H? and, for a=0, D(L5=HY, for all
pel0,1].
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Proof. For ae(0,1], we have
% —A,=B;'¥—B_'A=—B_ " df(i). (32)
But, by (2.7),
B, df(a)(A,) " wl =B, df(a) A~ B w]
< C, |df(a) A7'2BPw| < C, | A7'2BPwll - (33)
<C,|BPw < C,|w|. (3.4)

Hence by [10], Corollary 1.4.5 and Theorem 1.4.8, we have that %, is
sectorial and also that

D(ZP)=DAPy=H**  vYpe[0,1].
For ao=0 we have
L— A2 = — A df (@), (3.5)
By (2.10), recalling that & is bounded in H3(Q) by (2.13),

[(Ly—A%) A Pw|=|Adf (i) A wl
< ClAPwly+ Clils |4 w|,

S Clw|+CK|A 7w <C|w|. (3.6)

By [10], Corollary 1.4.5 and Theorem 1.4.8, we deduce that .%, is sectorial
and D(Z%)=D(A*)= H* as required. |

Using Lemma 3.1 it follows from [10], Theorems 1.5.3 and 1.5.4, that
36, K> 0 such that for all «e [0, 1]

le* 'y <Ke " |ly|  VreY,,

v " (3.7)
le=%z|| < Ke ™" ||z|| VzeZ,.
We define
4 —
L(t):=e=",  G,(v, t)=f L,(t—s) B, 'h(S,(s,v)) ds (3.8)
0
where

S,(t,v): =S, (7, u+v)—1u, YVt = 0. (3.9)
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We also set L,:=L,(T), G,(-):=G, (-, T). Thus, if V,=v(nT) then (3.1)
yields
Vn+l :Loc V}1+Goc( Vn) (310)

By (3.7) it follows that, for any a <1 there exists T* = T*(u) > 0 such that,
foral T=>T* aec[0,1]

IL~ v <a vl Yve Y,
(3.11)
[Lv|| < a v VoeZ,

It is shown in [14] that there exists a function K: R* —» R™* satisfying
K(p)— 0, as p— 0, such that

[h(v) —h(w)| < K(p) [lv—w| Yo, we P(0, p). (3.12)
Thus, for any a >0 there exists K, = K,(a) > 0 such that
|B, '[h(v) —h(w)]| <K, K(p) |A"*[v—w]]|. (3.13)
Note that K,(a) is unbounded as « — 0. Also, for « =0, we have
|45 2By 'Lh(v) —h(w) ]I < K(p) |45 *[v—w]]. (3.14)
This shows that Assumption 4.5 of [19] is satisfied with £=0, f=1 for

a>0and ¢=—1, B=1for a=0and g(-):=B, 'h(-).
We now con51der the boundary value problem

B,v,+ ZLv="h(v), P,u(t)=¢, 0,0v(0)=n. (3.15)

The following two results have similar proofs. We give only the proof of the
second in detail.

THEOREM 3.2. Let ay€(0, 1]. Then there exist constants C= C(a,) >0,
p*¥=p*ay) >0 such that, for all pe(0, p*), a, fe(ay, 1], ©>T* and
teY,, neZ, with ||, nll <p/2 there is a solution v*(t) of (3.15), unique
in B(0, Cp), and a point we H\(Q) satisfying

sup Hv“(l)—gﬂ(t,w) < Cloa—pl. (3.16)

T*<t<rt

THEOREM 3.3. Let a=0. There exist constants C, p*, ¢* >0 such that,
Jor all pe(0, p*), e€(0,¢*), t>T* and e Yy, ne Z, with |E|, |In] <p/2
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there is a solution v°(t) of (3.15) unique in B(0, Cp), and a point we H (L)
satisfying

sup  |[v(1) =S, (t, w)| < Ce. (3.17)

T*<t<rt

Proof of Theorems 3.2 and 3.3. We consider Theorem 3.3 first. We
apply Corollary 4.14 of [19] to get existence and uniqueness. The pertur-
bation result follows from Theorem 4.18 of [19]. To apply the theory of
[19], Chap. 4 we need to establish two things: (i) the existence of a C'
semigroup S,(-,-) with C' dependence on a uniformly on bounded sets of
H () and on bounded time intervals disjoint from the origin; (ii) we need
to show that g(-):= B, 'h(-) satisfies Assumption 4.5 of [19]. Point (i)
follows from Theorems 2.1 and 2.3 and point (ii) is established prior to this
theorem.

The proof of Theorem 3.2 is similar. The dependence on «, follows from
the non-uniformity of K,(«) in (3.13) as a — 0. ||

In addition to the problem (3.15) we also study the problem: find v(¢)
with || Pv||, |Qv| < p, Yt >0 satisfying:

B,v,+Zv=h(v), Q,v0)=neZ, |n|<p/2, Vi=0. (3.18)

This problem corresponds to constructing the stable set for (3.1). Also by
applying Theorem 4.19 in [19] we may prove the following:

THEOREM 3.4. Let ay,€(0, 1). Then there exist constants C= C(a,) >0,
p*¥=p*ay) >0 such that, for any pe(0, p*), a, fe(ag, 1], 1>T* and
neZ, with |n| <p/2 there is a solution v*(t) of (3.18), unique in B(0, Cp),
and a point we H\(Q) satisfying

sup [[v*(1) — S, (1, w)| < C | — B, (3.19)

t>T*

THEOREM 3.5. Let a=0. There exist constants C, p*, ¢* >0 such that,
for all pe(0, p*), e€(0,e*), ©>T* and ne Z, with || <p/2 there is a
solution v°(t) of (3.18), unique in B(0, Cp), and a point w e H}(Q) satisfying

sup [|0°%(¢) =S, (¢, w)| < Ce. (3.20)

t>T%*
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4. UNIFORM IN TIME, PIECEWISE APPROXIMATION OF TRAJECTORIES

Here we prove uniform in time, piecewise approximation of trajectories
with respect to perturbations in a. In [1] similar results are proved:
applications of results in [1] gives perturbations which are uniformly of
size O(a?), for some ¢ < 1, and for which the approximating trajectories are
finite dimensional. In contrast, our approach gives perturbations which are
uniformly of size ¢(a), but for which the piecewise approximating trajec-
tories are not necessarily finite dimensional.

Throughout this and the next section we assume that & contains only
hyperbolic equilibria. These are then isolated, finite in number and labelled
{u;} M |. Recall that the set & is bounded in H> by (2.13).

DerINITION 4.1. For any p >0 the open set Q(p) = Z(A) is defined by
O(p)={ne2(A): |An—f(n)lo<p}. (4.1)

Lemma 4.1. There exist K, >0 and p,>0 such that for p <p,

where 0,0 Q= for i#]. Qi #ii,, K, p) and

K p<d,= mm {la—10]|, |lu—0],}

u,ve

u#b

Proof. The separation of the equilibria in L*(Q) and H?*(Q) follows
from the fact that they are hyperbolic and lie in a bounded set in H3(Q)
by (2.13).

Now note that there exists p; such that for p < p,

(p)= U 2%(u;;0,/3).

This follows since, assuming the contrary, it holds that there exists a
sequence { pj} converging to zero and a sequence {u,} such that u;e Q(p;)
but u; ¢ )", #°(i;; 6,/3). However it holds that

|u; 1= (Au;— fuy), up) + (f(w), w) (4.3)
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and by the Assumption (F) on f{(-) it follows that the {u,} lie in a bounded
set in H (). Thus {u,} has a weakly converging subsequence in H whose
limit u, satisfies

Aug—f(u)=0  in H-'(Q) (4.4)

and u, ¢ B°(i,; 0,) for any i, e &. This is a contradiction.
We seek a solution v(w), for a fixed i€ &, in the ball #*(i; J,;3) of

H(v, w) =0 (4.5)
where H=9(A) x L*(Q) — L*(Q) is defined by
H(v, w) :=Av—f(v) —w. (4.6)

Let B(0, p) denote the closed ball of radius p in L*(Q). Using the implicit
function theorem we construct a solution v(w) for all we B(0, p,) which:
(1) satisfies v(0) =u and (ii) is continuously differentiable with respect to w.

Let Z=2(A) x L*(2) be equipped with the standard product norm: for
z={y,0}eZ

Izl = 1»l> + lelo. (4.7)

The Frechet derivative dH(-,-): Z — L*(Q) is given by

DH(y, w)>
dH(y, w :=< 4.8
where
DH(y,w)=A—df(y)I and  H,(y,w)=—1 (4.9)
and I: L*(Q) — L*(Q) is the identity. Set
|dH(y, w)|| = sup |dH(y, ®) z|. (4.10)
Izl =1
It follows that for v,e #%(i1; d,5), i=1, 2 by (2.9)
|dH(v, w,) —dH(v,, w,)| = sup [(dH(v,, ®,)—dH(v,, ,)) z|
Izl =1
< sup |(df(vy) —df(v,)) yl
[yhh<1
< C sup o, —ovsf -yl
[yl2<1
< C sup |v,—0,,. (4.11)

yla<1
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Hence it follows that
IdH(vy, p1) —dH(vy, py)|| < C vy — 055, (4.12)

and the continuous differentiability of H follows. The invertibility of
DH(u,0) is a consequence of the hyperbolicity of @z Hence the implicit
function theorem yields a C' function Z: B(0, p,) —» Z(A) such that
v=Z(w) solves (4.5) for w near 0 and satisfies i =% (0). Since Z is C' we
deduce that

lv—ul, <K, |w|,
for all we B(0, p,) and some K, >0. If |w|, < p < p, then
lv—ul, <K p.
But |w|,< p if and only if ve Q(p); the required result follows. ||

We now prove a “finite time of arrival” result for trajectories from a
bounded set in H| into an H? neighbourhood of &.

LEMMA 4.2. Let E be bounded in H}(Q). For any p>0 there exists
T°=T%p,E)< oo such that T® is a time of arrival for S, (-,-) from
E into Q(p). That is, for each uye E there exists te[0, TO] such that

Szx(la uO) € Q(p)
Proof. We observe that if u(¢) € Q(p) for te[t,, t,] then

|Bu,(0)|g = Au(t) — f(u(t)|5 = p*. (4.13)

Using the fact that there exists C>0:
lv|2>C |B,v|? Ywe L¥(Q), VYae[0,1]
it follows that
lu,|3 > Cp? for te[t,t,]. (4.14)

From (2.15) we obtain

Mu(t,)) — V(u(t,)) < — (1, —t,) Cp*. (4.15)
Hence, by (2.16), (2.17)

(rz—zl)sclpz(n (1)) = Vu(1))
< Cllugl)/p* < C(E)/p” (4.16)

Thus any T°> C(E)/p? defines a time of arrival. ||
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The following inequality is useful:

LemmA 4.3, For any u,, u, € %(A) we have a constant C, >0 such that
Wuy) — Vuy) < (Auy —f(uy), uy —u,) + C/‘ |u; —”2|(2)- (4.17)

Proof. First note that, under Assumption (F), there is a constant C,
such that

f(u)<2C, YueR.
Thus, for any u,, u, € R, there is a &£ € R such that
Fuy) — Fluy) = fuy)(uy —uy) + %f’(f)(uz—ul)z
Sy )y —uy) + C/'(uz_”1)2~

Hence, if u,(x), u,(x) € Z(A), since the dimension d < 3,we have that

N

(Fluy) — Fluy), 1) < (f(uy), ty —y) + C; Juy —uy 5.
Now
Vu,) — V(uy) = 2(Vuy, Vuy) — 2(Vus, Vus) — (Fuy) — Flu,), 1)
< (Vuy, Vuy — Vo) + (f(uy), uy —uy) + Cp luy — |
= (Au, —f(uy), uy —uy) + Cr luy—uy 3.
This completes the proof. |
It is convenient to introduce E = E(V*) defined by

E:={neH: V(n)<V*} (4.18)
for any
V* >V, = inf  V(gy).
ne HY(L)

Clearly E is nonempty and bounded in H(£2). Furthermore for each
V*>V,. there exist exactly N* equilibria #,e & ie[1, N*¥] contained in
E and N*e[1, M].

LEMMA 4.4. Let u(t)e E solve (2.4) in (t,,t,) and p e (0, py). If u(t) &
O(p) Vte[t,, t,] and if there exists u,e€d& such that u;:=u(t;)€dQ,,
i=1, 2, then there exists K, =1 such that

u(t)e B Ky p)  Vie[ty, to]. (4.19)
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Proof. From (2.15) we have

[ ()15 ds = V) — Vi), (4.20)

1

Thus, by Lemma 4.3, we have that for re[¢,, t,],

oyt ds< [ o)1 as
< |Auy —fuy)lo luy —uslo+ Cp luy —u,y o (4.21)
Note that
|Auy —f(u)| <K, p (4.22)

by Lemma 4.1. Since for p < p,, by Lemma 4.1, 00,(p) € #*(ii,; Kp) it
follows that

Juy —us|3< Cp2. (4.23)

Hence for te[t,, t,], we have from (4.21), (4.22) and (4.23), the estimate
f lu,(s)|3 ds < Cp>. (4.24)

Applying Lemma 2.4, we find that for te[¢,, 7,1,

| Au(t) —f(u())|5=Bu, ()5 < |B,u,(1))]5+ Cp?
< lduy, —flu)I5+ Cp? (4.25)

This proves the lemma, by (4.22). |

LeMMA 4.5. Let u(t)e E solve (2.4) in (t,, t5), u(t) € Q(p) for te[t,, t,],
u;=u(t;)€dQ;(p) for some u;eé&, i=1,2 with u,#u, and p < p,. Then
there exists K5 >0 such that

V(uy) — Viy) < — K5 pd,. (4.26)

Proof. Since u(t)¢ Q(p) for te[t,,1,] we have as in the proof of
Lemma 4.2, that

lu,| = C|B,u,lo=Cp
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and hence from (2.15)
Vuy) — V(uy) < — j 5)|% ds
—Cp [ I (5)] 5 ds
n

j’z u(s) ds

7

B

= —Cp |u(ty) —u(ty)| -
But
lu(ty) —u(ty)| p= luy — | p— u(ts) —its| p—u(ty) —ity| 5= 0,— Cp.
Hence, by choice of p sufficiently small, there exists K> 0:
Mu,) — Vu,) < —Kpd,. (4.27)
Thus the lemma is proved by noting that
V(i) — Viiy) = (V(ity) — Viug)) + (Vuy) — Viuy))
+(Vuz) = V(uy)) (4.28)

and applying Lemma 4.3. ||

LemMMA 4.6. Let T° be the time of arrival for the set E into Q(p).
There exists p, such that if p<p, then for each u,eE there exist
No= Ny(uy, p) < N* equilibria enumerated as {i;}"°, and N, intervals

{1,} M satisfying:
(0) The solution u(t), te[0, o), enters precisely N, distinct com-

ponents {O,(p)} 2, of Op):
(1) Li=[t7,t7]1=R™* where

t; =inf{t:u(t)e Q:(p)}, tr=sup{t:u(t)e Q,(p)};

(ii) I,-ﬁ]_/-=@ i #];
(i) |6, —t;7 | |<T° i=2, .., Ny;
(iv) ty,= oo.
Furthermore u(t) e B°(i1,, K,p), u(t) ¢ B*(i;, K,p), j#i Vte(t;, 1) and
there exists C>0:

Wi ) = Wi,) < —Cpoy,  i=1,2,., Ny— 1.
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Proof. By [9], for any uy€ E, a € [0, 1], we have that there exists ue &
such that

lim S,(t, uy) =1,

1 — o0

since (2.4) forms a gradient system by Corollary 2.1. Clearly for any u, and
p there exist Ny= N,(u,, p) equilibria and N, intervals such that (i) and
(iv) hold.

Now choose p, sufficiently small so that Lemma 4.1 holds and so that

B, Kop) Q=G Vidj; (4.29)

this can be done by Lemma 4.1. Now note that u(¢) e #%(it,, K, p) Vtel,
by Lemma 4.4 as required and that Lemma 4.1 ensures that (ii) holds.
Point (iii) holds by Lemma 4.2 and Lemma 4.5 gives the required estimate
on the decrease in V(u;). |

It is clear that individual trajectories corresponding to the same initial
condition but slightly different values of a may separate exponentially.
Hence it is not possible to prove uniform continuity of trajectories with
respect to a. We seek such uniform in time perturbation results by weaken-
ing the notion of “solution” to allow piecewise continuous solutions in time
with a finite number of discontinuities. With this in mind we make two
definitions:

DerNITION 4.2.  The function #(¢; o) is said to be a piecewise continuous
solution of (2.4) if there exist an integer N, non-negative numbers {7} ~_,
and elements {U;} ¥ ' of H{(Q2) such that 0=T,<T,<Tr<:-- <

Ty=o0 and for i=1, .., N
u(t; o) =S(t—T,_, U;_y), T, ,<t<T,

Recall from Lemma 4.1 the constant p,,.

DEerFINITION 4.3. A piecewise continuous solution of (2.4) is said to be a
combined stabilised trajectory (c.s.t) if there exists p < p, and {u;} '€ &
such that U,e #°(ii;; p) j=0, .., N—1 and V(a)<V(i; ), j=1,.,N—1.

The following result proves uniform continuity in time, and across a
bounded set of initial data, of piecewise continuous solutions with respect
to variation in «.
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THEOREM 4.7. Let ay€(0,1], Ec H)(Q). Then there exists a constant
C=C(ay, E), ¢*=¢*(aty, E) such that, for every uyeE, a, a+¢e€[a,, 1]
there exists a c.s.t. ii(t; o+ &) such that

sup ||S, (¢, uy) —i(t; 0+ ¢)|| < Ce.

t=0

Proof. For simplicity consider u, ¢ Q; the case u,€ Q can be handled
similarly. Define 7, =7, =0 and 7;* as in Lemma 4.6. Given all {I,} ™ we
remove all I, with |I;| <T* where T} is equal to T*(i;) from Section 3.
Relabel {I1,} ¥, My<N,.

Define

I;k:[tli_FTl*’tf]ﬂ Jl:[tz+9 ttjrl—i_Tt*+l]

Note that |J;| < T 0+Z§V:*1 (To+T}) where N* is the total number of
equilibria.
To define the c.s.t. we set N=M,+ 1 and

letr—i—Tl*, i=1,...,N_1,

and U;=Sy(T*, u;+w) where u; is the unique equilibrium point in Q,,
p=a+¢ and w are as in Theorem 3.2 for i# M, and as in Theorem 3.4 if
i=M,. We take U, =u,.

On I* we apply Theorems 3.2 and 3.4 to obtain the required error
bound whilst on J; we apply Theorem 2.3 since |J;| depends only on E. |

A similar proof yields the following:

THEOREM 4.8. Let E< H\(Q). Then there exist constants C = C(E) and
e* =¢e*(E) such that, for every uye E, e€[0, ¢*) there exists a c.s.t. ii(t; €)
such that

sup [[So(t, ug) —ii(t; )| < Ce.

t=1

5. CONTINUITY OF THE ATTRACTOR

As a consequence of the existence of a Lyapunov function and the
smoothing properties of Theorem 2.1 and Corollary 2.1 it is straight-
forward to prove the following by application of the theory in [9],
Theorem 3.8.5; recall that we assume throughout this section that all
equilibria of (2.4) are hyperbolic.
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THEOREM 5.1. For each a€[0,1] the semigroup S, (t,-) has a global
attractor <f,. Furthermore

=) W(v), (5.1)

veds
where W(-) denotes the unstable set.

It is of interest to study the relationships between the sets .oZ, as a varies
in [0, 1]. To this end we let d(A, B) denote the Haussdorf distance between
two sets 4 and B in H'. Thus d(A4, B)=0 if and only if the closures of 4
and B are identical sets.

THEOREM 5.2. Let ay€(0,1). There is a constant C= C(ay)>0 such
that, for all o, « +e€ [y, 1]

d(ty, A, ) < Clel.
Furthermore, there is a constant K >0 such that for all e€[0, 1]
d( <4, <4,) < Ke.

Proof. We apply Theorem 4.10.8 in [9]. The required gradient struc-
ture and smoothing properties for (H1) follow from Corollary 2.1;
(H2)-(H5) are straightforward; the C° closeness of solutions from
Theorem 2.3 implies (H7) whilst the C' closeness from the same theorem,
together with the theory of [21], gives the closeness of unstable manifolds
required in (H6). ||

We remark that in one space dimension continuity of the attractor with
respect to a€ [0, 1] in the presence of a non-hyperbolic equilibrium point
has recently been shown in [7].

In the remainder of this section we consider only the case of dimension
d=1 and Q=(0, 1). In this case we can say something detailed about the
flow on the attractor and (in Section 6) also study existence and smooth-
ness of inertial manifolds.

Theorem 5.2 is concerned only with the continuity of the attractor .oZ,
considered as a set of points in H{(2). We now discuss the dynamics on
the attractor and show, roughly speaking, that there is a subset of .o/, on
which the dynamics are independent of a € [0, 1] in the case where f{(-) is
given by (1.4). Let

DP={zeR’:|z| <1}
and

oD?={zeR’:|z| =1}.
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Then any ze D? may be written as z=r¢ where £€0D? and re[0, 1].
Consider the flow on D” generated by the equations

¢ =00—<0¢¢&H¢ L(0)eaD”

and
ro=r(l—r), r(0)e[0,1]

where Q is the diagonal matrix diag{l,1/2,1/3,.., 1/p}. We let e =
(0, ..., £1,0,...) be unit vectors in the jth direction. We denote the flow on
D?” by O(t): D” - D”. In one dimension with f given by (1.4) and in the
case o =1 the work of Henry [ 10, 11] shows that the flow on the attractor
for (2.4) is equivalent to the flow on D” generated by ©(¢). We now apply
a general result, due to Mischaikow [ 16], to relate the flows @(¢) on D’
and S, (-,-) on .« for [0, 1).

Under the conditions of the following theorem the equilibria are all
hyperbolic if ye (1/(p +1)*n?, 1/p*n?). They then number 2p + 1 and are
labelled {u;"}7_, and 0. See [5] for details.

J

THEOREM 5.3. Consider Eq. (2.4) in dimension n=1, with 2=(0,1),
f(u) given by (1.4) and ye (1/(p +1)> n%, 1/p°n?). For every a [0, 1] there
exists an order preserving time reparameterisation of S,(t,-), denoted S (t, )
and a continuous surjective map Y. of, — D?, such that

Sat, (b))~ zo) = (™) 71 (1) 2

for every z,€ R?. Furthermore

() ter=uF, j=1,..p,
for each [0, 1] and (y*)~' 0=0.

Proof. We apply Theorems 1.2 and 2.1 of [16]. Hypothesis (H1)
follows from our Theorem 5.2. Hypothesis (H2) follows from [ 5], together
with Theorem 3.1 in [3] which show that the dimension of the unstable
manifold of an equilibrium # is independent of «. Hypothesis (H3)(i)
follows from our Corollary 2.1 and (H3)(ii) follows in a straightforward
fashsion from (2.14), (2.15). |

6. CONTINUITY OF INERTIAL MANIFOLDS
We now proceed to study the existence and perturbation theory for iner-

tial manifolds. We consider the case d=1 and = (0, 1) only. Since the
singular limit o — 0 is the primary non-standard part of the analysis we
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shall give full details for the case a near O only. The difficulty here is that
the operator A, degenerates from being of second order type to being of
fourth order type as o« —» 0. To overcome this problem use of the Lemma
2.2 is fundamental.

We assume that f satisfies Assumption (F). Using the existence of an
attractor, and hence an absorbing set in H }(£2), together with the fact that
the problem is posed in one dimension with f a polynomial, it follows by
use of cut-off functions that the long time dynamics of (2.4) are completely
equivalent to the dynamics of the equation

B,u,+ Au=r(u), u(0)=u, (6.1)
where
lr(u) —r(v)| <L |lu—7v| Yu, ve H(Q). (6.2)

Thus it is sufficient to study the existence of an exponentially attracting,
positively invariant, finite dimensional manifold .# for (6.1) in order to
understand inertial manifolds for (2.4). The inertial manifold for (6.1) or
(2.4) is defined to be the intersection of .# with a positively invariant set
inside which f{-) and r(-) are equivalent. We introduce the projections P
and Q defined by

0 q [’s)
u= Z u;¢;— Pu= Z u;¢;, Qu= Z u;9;, (6.3)
j=1 j=1 j=q+1

where the {¢,} are defined in (2.20).

We let Y=PH\(RQ), Z=QH Q) and seek the inertial manifold .# as
the graph of a function @ e C(Y, Z). Recall that on the inertial manifold
equation (6.1) reduces to the ordinary differential equations in RY given by

B,p,+Ap=Pr(p+P(p)), p(0)=peel. (6.4)

THEOREM 6.1. There is an integer q such that, for each oac[0, 1],
Eq. (6.1) has an inertial manifold M, . Furthermore there is a constant K >0
such that, for every a, a+¢€[0, 1],

d(%ow 'ﬂaJra) gK |‘L’|

Proof. To construct the inertial manifold and analyze perturbations to
it we employ the Hadamard graph transform approach in [12]. Let

L,:=e T N, (v)= jTL“(T—s) B 'r(S,(s, v)) ds. (6.5)

0
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From these we define the map G(-)=L,-+ N,(-). We show that this map-
ping has an attractive invariant manifold which perturbs smoothly in « by
use of the Main Theorem in [ 12]. That these manifolds are also invariant
and exponentially attracting for the underlying continuous flow follows as
in the proof of Theorem 4.2 in [ 12]. The notation from that paper, with
h=a being the perturbation parameter, is used throughout this proof.

Thus it remains to verify Assumptions G, G” and Conditions C’ from
[12]. Given a,> 0 define

— () . — Al - @
b= sup e *'7,  a= inf e 17, c= inf e #"T  (6.6)

ae[0,a] ae[0,ap] ae[0,a0]

where 2, 4 and '™ are the gth, (¢ + 1)st and first eigenvalues of 4,
respectively. Straightforward calculation using (6.2), the continuity of the
semigroup S,(f,-) and Lemma 2.2 with y=f=1 gives the existence of a
constant C, independent of «, such that

INLu) = N(0)| SCT'? Ju—vl,  Vu,veHyRQ), Yael0,1],
<

(6.7)
[N (u)| < CT'2, Vue Hi(Q), VYae[0,1].
Proceeding as in the proof of Lemma 4.1 in [12] it follows that, for
a =0, Conditions C" and Assumptions G hold for sufficiently large ¢ (=g,
say) since 4,=A> has eigenvalues 4,=;*r* and here =3 by virtue of
(6.7). For a#0 the eigenvalues of A, are

4_4
A P

Tt (1 —a)
It follows that, for any ¢ > 0, there exists a, >0 such that
A =2+ AP0 — AP <e Vae[0, ]

By continuity we deduce that there exists o, >0 such that Conditions C’
and Assumptions G hold for ae[0,a,]. The existence of an inertial
manifold, representable as the graph of a function @*e C(Y, Z), follows
from Main Theorem in [ 12]. It also follows that there exists K(p) > 0 such
that, for all a, a +€€[0, ay),

I®*(p) —D*"“(p)| <K(p)e  VpeY.
This is since Assumptions G” hold trivially since Assumptions G hold,

since P=P" and since the error estimates of Theorem 2.3 hold. The set
convergence of the inertial manifolds for nearby o follows.
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The case ae[a,/2, 1] may be handled similarly to the case ae [0, o]

except that now =0 when following Lemma 4.1 in [ 12] and the spectrum
of A, grows quadratically. Putting the two overlapping intervals together

gi

ves the desired result. |
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