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Abstract

We analyze the dynamics of a reaction—diffusion equation with homogeneous Neumann boundary con-
ditions in a dumbbell domain. We provide an appropriate functional setting to treat this problem and, as a
first step, we show in this paper the continuity of the set of equilibria and of its linear unstable manifolds.
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1. Introduction

This paper is the first one of a series of articles whose final objective is to address the problem
of the behavior of the asymptotic nonlinear dynamics of a reaction—diffusion equation when the
domain where the equation is posed undergoes a singular perturbation.
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Fig. 1. Dumbbell domain.

Fig. 2. Limit “domain.”

In particular, we consider the evolution equation of parabolic type of the form

Uy —Au+u= f(u), xe€82, t>0,
{ ' S e (LD

ou __
=0, X €082,

where 2. C RV, N > 2, is a bounded smooth domain, € € (0, 1]is a parameter, % is the outside
normal derivative and f:R — R is a dissipative nonlinearity.

The domain £2, is a dumbbell-type domain consisting of two disconnected domains, that we
will denote by 2, joined by a thin channel, R., which degenerates to a line segment as the
parameter € approaches zero, see Fig. 1.

Under standard dissipative assumption on the nonlinearity f of the type

limsup f(s)/s <1,

|s|—+o00

for fixed € € (0, 1], Eq. (1.1) has an attractor Ac C H'(£2,).
On the other hand, passing to the limit as € — 0, the limit “domain” will consist of the do-
main £2¢p and a line in between, see Fig. 2.
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And the limit equation is

wy —Aw+w=f(w), xef2,t>0,

W =0, xedf,
(1.2)
vy —Lv+v=f(v), s€Ry,

v(po) = w(po), v(p1) =w(p1),

where w is a function that lives in §£2 and v lives in the line segment Ry. Moreover, L is a
differential operator which depends on the geometry of the channel R., more exactly, on the
way the channel R, collapses to the segment line Ry. For instance, in two dimensions, if the
channel Rc ={(x,y): O0<x <1, 0<y<eg(x)}, then Lv = é(gvx)x. For other channels, the
operator L needs to be calculated explicitly. We also denote by pg and p; the points where the
line segment touches the domain £2. Again, this system has an attractor Ag in H'(£2) x H'(Ry).

We are interested in understanding the relation between the attractors A, € € (0, 1], and Ayp.
With the results of this paper and with [7], we will show that this family of attractors is upper
semicontinuous at € = 0 in certain topology, and if all the equilibria in .4¢ are hyperbolic, then
the attractors are continuous, that is, upper and lower semicontinuous.

In appropriate functional spaces, we will see that problem (1.1) can be written as an evolu-
tionary equation of the type

{ut+Aeu=F€(u), t >0, (13)
u(0) € Xc
for certain family of spaces X.. Also, problem (1.2) can also be written as
+ Aou = Fo(u), t>0,
{Mt 0 o(u) (1.4)
u(0) € Xo

in a certain space Xj.

In this paper, we will work out an appropriate functional setting to treat a broad class of
perturbation problems which, in particular, will include the case of the singular perturbation
problem of the dumbbell domain, that is, problems (1.3) and (1.4). This functional setting will
make use of several concepts like the concept of convergence for a sequence {uc}ee(o,1] Where
u. belongs to different spaces X, for each € € (0, 1], an appropriate concept of compactness for
families living in different spaces and the concept of “compact convergence” as the key concept
to treat the behavior of compact operators in different spaces. This setting is developed mainly
in Sections 4 and 5.

The program that we will follow to prove the continuity of the attractors is divided in two
parts. The first one, which is addressed in this paper, consists in proving the continuity of the
equilibria and, in case the equilibrium is hyperbolic, obtaining the continuity of its linear unstable
manifolds. Hence:

(1) We will first show the convergence of the resolvent operators, that is will show that Ae_1
converge in an appropriate way to Al see Proposition 2.7. This is a key point to all the
analysis.

(2) Writing the stationary problem as a fixed point problem, that is, u, is an equilibrium solution
of (1.3) (respectively ug is an equilibrium of (1.4)) if u = Ag‘ Fe(ue) (respectively ug =
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Ay ! Fo(up)) and with the convergence of the linear resolvent operators, we will show the
convergence of the equilibria. Moreover, we will show that if an equilibrium of the limit
problem is hyperbolic, then it is isolated and there exists one and only one equilibrium of the
perturbed problem nearby, see Theorem 2.3.

(3) With the convergence of the resolvent operators and with the convergence of the equilibria,
we will also show the convergence of the resolvent operators of the linearizations around
the equilibria, that is the convergence of (Ac — F/(u¢) +1)~! to (Ag — F.(ug) + 1)~ !, for
some A large enough. For the case where the equilibrium is hyperbolic, this will imply the
convergence of the linear unstable manifolds, see Theorem 2.5.

The second part, which is developed in [7] consists in proving the convergence of the linear
and nonlinear semigroups and the nonlinear unstable manifolds of the equilibria:

(4) With the convergence of the resolvent operators A;l to Ay ! we will show, with a Trotter—
Kato-type formula, the convergence of the linear semigroups e ~4¢’ to e =40’

(5) With the variation of constants formula we will show the convergence of the nonlinear semi-
groups. Once this is accomplished, the upper semicontinuity of attractors is easily obtained.

(6) Assuming the equilibria are all hyperbolic, with the convergence of the linear unstable mani-
folds and with a similar argument as it is done in [6] we will be able to show the convergence
of the local nonlinear unstable manifolds. Using now that the system is gradient we will eas-
ily show that the attractors are lower semicontinuous and therefore continuous.

This agenda, or variants of it, has been proved to be successful when addressing the behavior
of the long time dynamics in different perturbation problems. It is based in a careful study of the
behavior of the linear parts under the perturbation considered and this information is translated
into the nonlinear dynamics through the variation of constants formula. In [5], a general approach
to obtain upper semicontinuity of attractors following this approach is explained. Also, a similar
technique to get the upper semicontinuity was used in [38] for the case of thin domains with
“holes.” In [1,6] this same technique is used to obtain the continuity (upper and lower semicon-
tinuity) of the attractors of reaction—diffusion equations with Dirichlet and Neumann boundary
conditions when the domain is perturbed. Actually, in [6], the only condition imposed in the per-
turbed domains is the spectral convergence of the linear operators. Inspired by the works [1,6] a
general scheme to treat the continuity of the attractors of semilinear parabolic problems is devel-
oped in [9]. We also refer to [15,17] for general theorems guaranteeing the lower semicontinuity
of the attractors.

The “dumbbell domain” problem has been considered before by many authors. It appears
naturally as the counterpart of a convex domain in the following situation. It is well known that
in a convex domain the stable stationary solutions to (1.1) are necessarily spatially constant,
see [10,32]. This is due to the fact that gradients of temperature can be diffused in the shortest
path (the line segment between the two points with different temperatures). One way to produce
“patterns,” that is, stable stationary solutions which are not spatially constant, is to consider
domains which makes it difficult for the heat to flow from one part of the domain to the other,
making a constriction in the domain. It becomes natural to consider dumbbell like domains as a
prototype domain to produce this “patterns.” With this purpose the so-called dumbbell domains
with a bistable nonlinearity of the type f(u) =u — u> was considered in [35].

It seems clear that when passing from a convex domain to a nonconvex domain (like a dumb-
bell domain) some kind of bifurcation of equilibria appears. This aspect was studied in [19,40].
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In several works at the end of the 80’s [22-26] and beginning of the 90’s [27,28] Jimbo
made a detail analysis of the behavior of linear and semilinear elliptic problems in dumbbell-
type domains with two important characteristics: (1) the dimension is larger or equal to three
and (2) the channel R, is a straight cylindrical channel. His analysis is based on a very careful
and detailed study of the L* norm of the eigenfunctions of the Laplace operator with Neumann
boundary conditions in the junction of the channel with the fixed part of the domain.

With regards to the spectral behavior of the Laplace operator in dumbbell domains we refer to
[25] for a straight cylindrical channel and to [2-4] for more general channels. See also [16] for a
survey on results on the behavior of eigenvalues under perturbations of the domain and [21] for
a general method to treat regular perturbations of the domain. Recently there has been a study of
the rates of the eigenvalues of the dumbbell domains in dimension 3 with a cylindrical channel
in [14]. Also, in [11] the authors analyze spectral properties in a multidimensional structure with
similar properties as our limiting domain depicted in Fig. 2.

In [30], Jimbo and Morita made a detailed study of the first k£ eigenvalues of the Laplace oper-
ator with Neumann boundary conditions in a domain £2 C R", which consists of exactly k fixed
subdomains joined by thin channels. This k eigenvalues approach zero and the k + 1 eigenvalue
is uniformly bounded away from zero. The thickness of each channel is controlled by a small
parameter € > 0 and these channels approach a line segment connecting two subdomains in a
certain sense (some of these channels may be empty). With the characterization of the firsts k
eigenvalues and eigenfunctions for the operator — A in this domain, in [29], the same authors ap-
ply the invariant manifold theory to show that the dynamics of an associated reaction—diffusion
problem with a nonlinearity such that its Lipschitz constant is small (compared in some concrete
way to the kK + 1 eigenvalue), is equivalent to the dynamics of a system of coupled ordinary differ-
ential equation in the invariant manifold. The fact that the Lipschitz constant of the nonlinearity
is small prevents, in particular, any contribution to the dynamics from the channel. We would
also like to mention the work [36], which extended somehow the results of [18,29].

In [28], Jimbo states a result on the continuity in the norm of the supremum of the attractors
A for semilinear parabolic problems in dumbbell-type domains where the channel connecting
the two disjoint domains is a straight cylindrical one. But no proofs are given.

In [41] the author develops a functional framework to treat nonlinear elliptic problems on
sequences of domains {£2,}7° ,. The sequence of domains is assumed to be nested, all of them
contain the limit domain, £2, and the sequence converges in measure to the limit domain. In this
general context, the author obtains the upper semicontinuity of the set of equilibria. Moreover,
under certain spectral convergence condition and certain restrictions on the Lipschitz constant of
the nonlinearity, if the limit domain has a hyperbolic equilibrium, then for n large enough the
equation has one and only one equilibrium nearby. The restriction on the Lipschitz constant of the
nonlinearity is related to the restriction already mentioned in [30] and, in particular, it prevents
from any contribution to the dynamics of the set £2,, \ £2¢. In particular, the results from this paper
do not give information to the case of a dumbbell domain where the limit equation (1.2) has an
equilibrium solution concentrated in the channel. This is the case, for example, if the channel is
cylindrical and straight so that the operator L(v) = v”, the nonlinearity is f(u) = k(u — u?) and
k — 1 is larger than the first eigenvalue of the Laplace operator with Dirichlet boundary conditions
in the segment Ry.

For the formation of patterns in nonconvex domains for reaction—diffusion equations with
nonlinear boundary conditions, we refer to [12,13].

To the best of our knowledge the complete dynamical problem of a reaction—diffusion equa-
tion like (1.1) in a dumbbell domain in RN with N > 2, with the following characteristics:
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(1) the channel is not necessarily cylindrical,
(2) there is no restriction in the Lipschitz constant of the nonlinearities, and
(3) the limit equation (1.2) may have some dynamics in Ry, the limit of the thin channel,

has not been completely solved.

It is the purpose of this paper and of its continuation [7], to address this problem in its full
generality.

This paper is organized as follows. In Section 2 we give the rigorous definition of the dumbbell
domain, introduce some notation and state the main results of the paper, that is, the continuity
of the set of equilibria and of its linear unstable manifold, Theorems 2.3 and 2.5. In this section
we also state the basic result on the convergence of the resolvent of the linear operators, Propo-
sition 2.7. In Section 3 we establish basic properties of the linear operators A and Ag. Section 4
is devoted to the abstract results using the notion of compact convergence that, in particular, will
lead to the continuity of eigenvalues and eigenfunctions of the linear operators involved in the
equations. The continuity of equilibrium solutions in a general setting is addressed in Section 5.
We have also included, in Sections 4 and 5, several examples that show how we apply this general
results to the case of the dumbbell domain. We give a proof of Theorems 2.3 and 2.5 in Section 6.
Finally, we have included Appendix A, which is devoted to the proof of compact convergence of
the resolvent in the case of dumbbell-type domains, in particular, we show Proposition 2.7.

2. Definition of the domain and main results

Before we can state in a precise way our main result, let us define the perturbation of the
domain we are considering.

The family of domains we are dealing with is the so-called dumbbell domain which, roughly
speaking, consists of a pair of two fixed domains, £2, joined by a thin channel R, which ap-
proaches a line segment as the parameter € approaches zero. In order to describe such domains
we need to introduce some terminology.

Let 2 CcRY, N >2, be a fixed open bounded and smooth domain such that there is an / > 0
satisfying

2N {(s,x’): P P lz} = {(s,x’): PP <P s < 0},
n{G,x): s =D+ X 1P <P} ={6s,x): s = D+ x')F <% s> 1},
2n{(s,x):0<s<1, x| <l}=0,

with {(0, x"): |x'| <1} U{(1,x"): |x'| <1} C 2. We are using the standard notation RN 5 x =
(s,x'), withs € R, x' = (x2, ..., xy) e RN L,

The channel that we consider will be defined as R, = {(s, €x’): (s, x’) € R} and Ry is defined
as

Ri ={(s,x/): 0<s <, x/GF]S}

and for all 0 < s < 1, I} is diffeomorphic to the unit ball in RN-1 That is, we assume that for
each s € [0, 1], there existsa C 1 dipheomorphism

Ly:B(0,1)— I7}. 2.1)
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Q,
[
Fig. 3. Dumbbell domain with a connected £2.
Moreover, if we define
L: (0,1)x B(0,1)—> Ry, (s,2)— (s, Ls(z)) (2.2)

then L is a C! dipheomorphism.

Denote by g(s) := || the (N — 1)-dimensional Lebesgue measure of the set I'}’. From the
smoothness of Rj, we may assume that g is a smooth function defined in [0, 1]. In particular,
there exist dy, d; > 0 such that dy < g(s) < dp for all s € [0, 1]. Moreover, the channel R,
collapses to the line segment Rg = {(s,0): 0 < s < 1}.

Remark 2.1. A very important class of channels will be those whose transversal sections I} are
disks centered at the origin of radius r(s), that is

Ry ={(s,x"): [x'| <r(s), 0<s <1}
For this channel, g(s) = wn_1r(s)N!
in RV-1.
Many of the results in the literature are obtained for this particular channel, even for the
completely straight channel given by r(s) = 1, see, for instance, [22-25].

where wy_1 is the Lebesgue measure of the unit ball

The dumbbell domain will be the domain 2, = £2 U R, for € € (0, 1]. Observe that we did
not specify any connectedness property for §2. Therefore, we can have the situation described in
Fig. 1 or as in Fig. 3.

Consider the nonlinear elliptic problem

{—Au—i—u:f(u), X € 82,

Ju __
a—n—O, xea.Qg,

(2.3)

defined in the dumbbell domain £2, with f satisfying the following conditions:

(i) f:R— RisaC? function,
(D) 1f @]+ 1f @]+ 1" @) < Cy forallu e R.
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Remark 2.2. Condition (ii) on the nonlinearity does not represent any restriction. Since the
nonlinearity is assumed dissipative, we have L estimates of the attractors of the system and
these estimates are uniform in the parameter €. In particular, all solutions of (2.3) are bounded
with a bound independent of €. In case (ii) is not satisfied we can cut off the nonlinearity without
modifying the solutions of the equation so that (ii) is satisfied.

We will denote by {Ec}ce (0,17 the set of solutions of problem (2.3). Under the above assump-
tions on the nonlinearity f, the set & is bounded in L*°(£2,), uniformly for € € (0, 1] .
The limit problem of (2.3) as € — 0 is the following

—Aw+w=f(w), x€L,
=0, xedf,

—¢(gu)s +v=r(v), s€.1D),
v(0) = w(0), (D) = w(l).

(2.4)

Observe that a solution of the limit equation has two components, (w, v). The first one lives
in £2 and the second one lives in (0, 1) or equivalently in the segment Ry. Moreover, the problem
is not decoupled but it is interesting to note that it is coupled only in one direction. By this we
mean that the function w is independent of v but v depends on w. Hence, to solve (2.4) we first
find a solution w of the nonlinear problem in £2,

2.5)

w =0, xedn.

{—Aw+w:f(w), x € $2,
Any solution of (2.5) is very smooth. In particular, it is in C 0(£2) and it makes sense to take

the trace of w at pg and p;. Once this is obtained, we solve the nonlinear problem in the interval

(0, 1) given by

1 _

{_g(gv&‘)s-’_v_f(v)v SG(Oa 1)7 (26)
v(0) = w(0), v(l) =w(l).

The aim of this paper is to compare the solutions of the perturbed problem (2.3) and the
solutions of the limit problem (2.4). Since the solutions live in different spaces we need to devise
a mechanism to compare functions defined in the limiting domain £2 U Ry and in £2,. First of
all, we need an extension operator that maps functions (w, v) defined in §£2 U Ry into functions
defined in £2.. The natural way to define this operator is to extend the functions defined in R
(that depend only on the variable s) constantly in the other N — 1 variables, that is:

£ . w(x), xe€82,
6(w’v)(X)_{v(s), x=(s,y) € Re.

If we consider now X, 0 < € < 1, a family of functional spaces in §2. (say, for instance,
Xe=L%*%2.),0 <e<1and Xo=L%(2) x L%(Rp)), we can give the following definition of
convergence: ue — ug if |lue — Ecugllx, — 0. This notion of convergence will strongly depend
not only on the space X, but also, in a crucial way, on the metric chosen in X.. For instance,

if we choose X, = L%(£2,) with the usual metric |u. ”%2(9 )= er luc|?, we will have that the
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family of functions u. = 1 will converge to any function ug € L?(82) x L*(Ry) such that ug =1
in §2 and it is arbitrary in Rp. In particular, with this choice of metric in L2(£2,) the limit is not
unique. On the other hand, if we define the metric in L2(20) by

1
2 2 2
el gy = [ el + = [ e

2 Re

we are magnifying the functions in the channel R, with a factor e V=D _ It is not difficult to
show that with this definition, we have that the limit is unique. In particular, the functions u = 1
converge to the function ug =1 in £2 U Ry.

This considerations motivate the definition of the following spaces: for 1 < p < 0o, the space
U? is the space L?(£2.) with the norm

1=-N
I -ller2y +€ 2 I - llrcre
and denote by U = LP(§2) ® L% (0, 1) where L% (0, 1) is the space L? (0, 1) with the norm
Y Yo g g p

1

1
”u”Lg(O,l) = (/g(S)‘u(s)}pds> .

0

As a matter of fact, with the norm defined in 2, we capture the behavior of the functions in
the channel R.. Note that a function u defined in 2, but independent of the y coordinate in the
channel R, will satisfy

1

1N ?
lullyr = llullr) +€ 7 llullrry = llullLr) + (/g(S)M(S)p dS) :
0

Notice that the extension operator E. maps U} to U Moreover,
Bl = L0 .

We will also consider the spaces H! = H'(£2) ® H'(R.) with the norm

LN
- =1 lgre)+€ 2 - laiey-
With all this notation in mind we can state one of the main result in this paper.

Theorem 2.3. Let p > N. If we denote by &, the set of solutions of problem (2.3) for € € (0, 1]
and by & the set of solutions of problem (2.4) then we have the following:

(i) For any sequence u? € & with € — 0, there exists a subsequence, that we also denote by e,
and a ug € &y such that
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€

|uf — Ec(ug) ||U€p -0, ase—0, 2.7

|uf = Ec(ug) |y — 0. ase—0. (2.8)

Moreover; there exists an o € (0, 1) such that for any compact set K C 2\ {po, p1} we have
luf — ugllcre gy — 0ase—0.

(i) For any hyperbolic equilibrium point uy € £, there exists n > 0 and €y > 0 such that there
exists one and only one equilibrium u} of (2.3) such that

||u2‘—Ee(u3)”UEp <n for 0<e<e. 2.9)
Moreover, (2.7) and (2.8) are satisfied.

In particular, if every equilibrium of the limit problem is hyperbolic, then we have only a finite
number of them, that is, £y = {u(l), e, ug} and there exists an €g > 0 such that £, = {u;, s ulty
and u’e — uf) in the sense of (2.7) and (2.8). Moreover, the number of equilibria, m, is an odd
number.

Remark 2.4. An equilibrium point uz; = (wo, vo) € & is hyperbolic if the linearization of (2.4)
does not have any eigenvalue in the imaginary axis. Observe that A is an eigenvalue of the lin-
earization if we have solutions (¢, ¥) not identically zero, such that

—Ap+¢— [(w)p=2¢, xe,

¥ -0, xedn,

—4 &V + ¥ — )y =4y, s€(0,1D),
YO =90, YD) =¢).

(2.10)

From (2.10) it is easy to see that all eigenvalues are real (although the operator obtained
through linearization is not self-adjoint) and that A = 0 is not an eigenvalue of (2.10) if A =0 is
not an eigenvalue of the operator —A¢ + ¢ — f'(wp)¢ = A¢ in 2 with homogeneous Neumann
boundary condition nor an eigenvalue of the operator —%(gws) s+ — ff(vo)¥ = Ay in (0, 1)
with homogeneous Dirichlet boundary conditions.

As a matter of fact we will be able to obtain more information on the relation between the
linearized operators around equilibria. We will show the following theorem.

Theorem 2.5. In the conditions of Theorem 2.3 let u} be a sequence of equilibria of (2.3) and
uy = (wo, vo) an equilibrium of (2.4) satisfying (2.7) and (2.8). Denote by {A;};° | the set of
eigenvalues (ordered and counting multiplicity) of the linearization around u?, that is, the eigen-

values of

—AE e — "(uk e:)\ € 967
{ be + b — [ (U )pe = Ape, X € @.10)

¥e 0, X €902,

and by {¢5,}72 | a corresponding set of orthonormal eigenfunctions.
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Also, denote by {)»2}3021 the set of eigenvalues of (2.10), ordered and counting its algebraic
multiplicity, and denote by {(/52};;0: | a corresponding set of generalized eigenfunctions. Then, we

have

e 000 foralin=1,2,....

Also if n is such that kg < )‘2+1 and we define

Wy =span[¢).....¢)]. Wi =span[¢f..... 4],
then

e—0 e—0

distyp (W, EW)) =0, disty1 (W, EcW)) = 0. (2.12)

In particular, if ug is a hyperbolic equilibrium point of the limit equation and uf is the se-

quence of equilibrium points such that |u} — Eeu3||U€p e 0 given by Theorem 2.3, then for €
small enough, u? is also hyperbolic and its linearized unstable manifold converge, in the sense
of (2.12), to the linearized unstable manifold of ug. In particular, the dimension of the unstable
manifolds of u} and of uj coincide.

Remark 2.6. (i) In relation to (2.12), the distance of two subspaces is the symmetric Hausdorff
distance of the unit balls of the two subspaces, that is, if Wi, W, are subspaces of the Banach
space U, then

disty(Wy, W) = sup_inf flx —ylly + sup inf [lx —ylly.

x€Bw, YE€bw, y€B, x€Bw,

where By, and By, are the unit balls of W; and W», respectively.

(ii) The convergence of the linearized unstable manifold is a first step needed to prove the con-
vergence of the attractors. As it is mentioned in the introduction, this result will be accomplished
in [7].

The results of the above theorems will be obtained after a careful analysis on the behavior of
the resolvent of the linear operators is performed. Actually, we will prove the following basic

and important result:

Proposition 2.7. For f. € UP, € € (0, 1], let uc be the solution of

s e
an ) e
and for (f, h) € U(f let (w, v) be the solution of

—Aw+w=f xef2,

=0, xedf, o

—¢(gu)s+v=h, s,
v(0) = w(0), v(l) =w(l).
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Then, we have

(1) With p > N /2, there exists a constant C > 0, independent of € and of fe, such that

luellLoeo < Cllfellyp-

(2) With p > N, if ”fG”Uf < 1, € € (0, 1], there is a subsequence, denoted by € again and
(f,h)e Ué’, such that if (w, v) are given by (2.14) then the following holds:

@ [ue = Ecw, v)]] 00,

e—0

(i1) HuE—Ee(w,v)”Ug—>O, forall 1 < q < o0,

(i) ue — wncl,a(K) 6—_)9 0, forall compact K C Q \ {po, p1}.

(3) With p > N, if we have | fe — Ec(f, h)||U€p A 0 then we have (1)—(iii) for the whole se-
quence.

The proof of this proposition is written in Appendix A.
3. Problems (2.3) and (2.4)

We will write both problems, (2.3) and (2.4) as abstract problems in the Banach spaces u?
and Ug, respectively.

Since for fixed €, the space U! is equivalent to L?(£2.), problem (2.3) can be written as an
abstract equation of semilinear type of the form

Acu = Fc(u), 3.D

where A, : D(A.) UL — UL, 1 < p < 00, is the linear operator defined by

D(Ae) = {u € W*P(2): AueU?P, du/dn=0in 302},
Aau=—Au+u, ueD(A) (3.2)

and the nonlinearity F : U — U, is the Nemitskii operator generated by f, that is Fe(u¢)(x) =
S ue(x)).

The operator A, is sectorial and the following estimate holds

_ C
A+ 07 iriy < o for » € Xy, (3.3)
where Xy = {1 € C: |arg(h — 1)| <6}, 0 > 7, and C is a constant that does not depend on €.

This follows from the fact that the localization of the numerical range in the complex plane can
be done independently of €, see [37, p. 215].
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Define the limit linear operator, Ag: D(Ag) C Ué) — Uéj ,as

Ap(w, v) = (—Aw +w, —é(gvx)x + v>, (w, v) € D(Ap), (3.4)

with domain
D(Ag) = {(w,v) € UY: we D(A), (gvo)x € LE(0, 1), v(0) =w(0), v()=w(D)}, (3.5)

where A;(VZ is the Laplace operator with homogeneous Neumann boundary conditions in L? (£2).
We have the following proposition:

Proposition 3.1. The operator Ag defined by (3.4) has the following properties:

(i) D(Ag) is dense in UP,
(i1) If p > N/2 then Ay is a closed operator,
(iii) Agq has compact resolvent.

Proof. (i) Let (w,v) € LP(£2) ® Lg(O, 1). Let (wp, vy) € C°(82) ® C3°(0, 1) with (wy,, v,) —
(w,v)in LP(2) & L’g’(O, 1), then (wy, v,) € D(Ap) and the result is proved.

(i) Let (wy,v,) € D(Ag) be such that (wy, v,) = (w,v) and Ag(w,,v,) = (¢, ¥) in
LP(£2)® Lg(O, 1). Since w, € D(Aﬁ) and Aﬁ is a closed operator in L? (£2), see [20], we have
that w € D(Aﬁ) and w, — w in W2'P(52). In particular, —Aw, — —Aw and since p > N/2
we have W2P(§2) — C%(§2), which implies that w,(0) — w(0) and w, (1) — w(1). On the
other hand, v, — v and ¥, = —é(gvﬁl)/ + v, — ¥ in L5 (0, 1). Now

{—gmﬂ+w=w,saau
() = wa(0),  vn(D) = wa(D).

Making the change of variables z,, = v,, — &,, where &, is the solution of the following problem

{ﬁ@wea s €(0,1), 36)
£,(0) = w, (0), En (1) = wy (1),
we have
{—gﬂﬂ=w—w,saam
zn(0) =z, (1) = 0.
It is easy to see that
£n(s) = w, (0) + wn(l) = wn (0) ! (3.7)

I 0
Jo 7@ 8(0)

and, since wy,(0) — w(0), w, (1) — w(l), it follows that &, — &, where & is the solution of the
following problem:
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—Liogry =
£(0) = w(0), £() =w(l).
Moreover, since the operator L(v) = —1 (gv’)’ with homogeneous Dirichlet boundary condi-

g
tions at s =0 and s = 1 is closed in Lg (0, 1), we have that z,, — z in Lg (0, 1) where z satisfies

{_é(gz/)/:w—v, SG(O, 1)7
z(0) =z(1) =0.

From which it follows that v, = z,, + &, — z + & = v, and v satisfies

{_é(gv/)/—l—v:lﬁ, s€(0,1), 3.9)

v(©0)=w©),  v(l)=uw(l).

(iii) Since D(Ag) C WP (£2) @ W;‘p(O, 1)— LP(2)® Lg (0, 1) and since the embedding
W2P(2) & W;’p(O, 1) < LP(£2) & L (0, 1) is compact, it follows that Ao has compact resol-
vent. O

Remark 3.2. Even though Proposition 3.1 states several important properties of the operator Ao,
we would like to mention that A is not a sectorial operator. Its spectrum is all real and, therefore,
it is contained in a sector but the required resolvent estimate

C

-1
[0 +2D7 M cy < i

is not satisfied. To see this, we refer to [7].
4. Abstract compact convergence results

In this section we develop (following [9]) the basic abstract tool that we are going to use to
compare two linear problems defined in different spaces. This theory will be applied to compare
the linear problem defined in the dumbbell domain §2, with the linear problem defined in the limit
domain £2 U Ry. This will be illustrated throughout several examples included in the section.

Hence, let U be a family of Banach spaces for € € [0, 1] and assume there is a family of
linear operators E. : Uy — U, with the property that

|Ecullu, =P lully,, forallu e Up. (4.1)

Example 4.1. Let 2. = 2 U R, be the dumbbell domain defined in Section 2 and let Ul and
U{’ be the spaces defined also in Section 2. Consider the extension operators Ec : U} — Ul as

w(x), xe€82,

Ee(w,v)(x) = {v(s), x=(s,y) € Re.

It is very easy to verify that || Ec (w, v)||U€p = ||(u, v)||Ué).
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oge . 0
Definition 4.2. We say that a sequence {uc}ec(0,1] E-converges to u if |lue — Ecu||y, 50, We

. . E
write this as u, — u.
With this notion of convergence we introduce the notion of compactness.

Definition 4.3. A sequence {u;},cN, With u, € U, and €, — 0, is said pre-compact if for
each subsequence {u, '} there is another subsequence {u,~} and an element u € Uy such that

ue,, —> u. The family {ue}ec(o,1] is said pre-compact if each sequence {uc,}, with €, — 0, is
precompact.

Definition 4.4. We say that a family of operators {B. € L(U,): € € (0, 1]} converges to By €

. E E . EE
L(Uy), as € > 0, if Bc.u, —> Bou, whenever u —> u € Uy. We write B —> By.

Definition 4.5. We say that a family of compact operators {B. € L(U,): € € (0, 1]} converges
compactly to a compact operator By € L(Up) if for any family {u.} with |luc||y, =1, € € (0, 1],

the family { B u.} is relatively compact and, moreover, B¢ E) By. We denote this as B, E) By.

Example 4.6. Let 2., £, v?, Ué) be the domains and the spaces of the dumbbell domain
of Example 4.1. Let A, Ag be the operators defined in Section 3 and consider the operators
Be € L(UYP) defined by Be = A;l, that is, B¢ fe = u. where u. is the solution of

dug 4.2)

—Auec +ue=fe, xe€82,
e ), X €082

and By € E(U(f) be the operator defined by By = Aal, that is, Bo(f, h) = (u, v), where (u, v) is
the solution of

—Aw+w=f x€8,

=0, xedf,
— 27 @OV () +v(s) =h(s), s€ (1),
v(0) = w(0), v(1) = w(l).

4.3)

We will prove in Appendix A that if p > N, then Agl LA Ay ! This is the fundamental result
that will give us the key to all the results of the paper. Also, notice that this is what Proposition 2.7
states.

The following lemma is a key result.

Lemma 4.7. Assume that { B € L(Ue)}ec(0,1] converges compactly to By as € — 0. Then,

() 1Bellgw,) < C for some constant C, independent of €.
(ii) Assume that N'(I + By) = {0} then, there exists an €y > 0 and M > 0 such that

[T+ B, <M, Veel0, el (4.4)
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Proof. (i) If the norms are not bounded, then we can choose a sequence of €, — 0 and u,, € U,
with ||lue, |lu,, =1 such that || B, ue, || — +oo. But this is in contradiction with the compact
convergence of B, given in Definition 4.5.

(i1) Because B, is compact for every € € [0, 1], estimate (4.4) is equivalent, say, to

1
(1 + Be)ue| v = e Ve € [0, o] and Yu, € Ue with |Jue| = 1.

Suppose that this is not true; that is, suppose that there is a sequence {u,}, with u, € U,
lunll =1 and €, — O such that ||(I 4+ Be,)u,|l — 0. Since {Be,u,} has a convergent subse-
quence, which we again denote by {B¢,u,}, to u, |lul| =1, then u,, + B¢, u, — 0 and u, — —u.
This implies that (1 4+ B)u = 0 contradicting our hypothesis. 0O

In general, we will have that the operators B, are inverses of certain differential operators Ae.
Hence, assume we have operators A : D(A¢) C U — U, for € € [0, 1] and assume that we have
the following hypotheses:

Ac is closed, has compact resolvent, 0 € p(A¢), € € [0, 1] and ATl E) Agl. 4.5)

€

Lemma 4.8. Let A¢ be such that (4.5) hold. Then, for any A € p(Ay), there is an €, > 0 such
that . € p(A¢) for all € € [0, €,] and there is a constant M, > 0 such that

| —A07' | <My, Veelo, 6l (4.6)
Furthermore, (. — A¢)™! converges compactly to (A — Ao) lase—0.

Proof. From (4.5) and since A € p(Ap) it is easy to see that
(h—Ag)t=—Ag (1 - 2a5") 7

Since A_! < Ay L applying Lemma 4.7(1) and (ii), we get that the operator
—A;l - )\Agl)’l is well defined and bounded. Easy computations show that actually
— AT = 2AZH) T = (h — Ao)7!. Hence A € p(A.) and we obtain (4.6).

In order to show the compact convergence of (A — A lto(h—Ag)~ ! we proceed as follows.

Since A;l converges compactly to Aal and since {(I — )»Ae_l): 0 < e < ¢€,} is bounded we
conclude that:

o If luclly, = 1then (A— Ae) ™ 'ue = — A w, with we = (1 —AAZ 1)~ u, which is uniformly
bounded in €. Hence (A — A.) " luc has an E -convergent subsequence.

o Ifu, £, u then A;lue i> Aalu. Now, for any subsequence of {(A — A lue) there is a
subsequence (which we again denote by {(A — A 'uc}) and a y, such that

_ 1\ — _ E
h—A) ue=—(1-2A7") " AT ue =2 —> y.
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Therefore,
Ay u S AT e = —(1 = 2AT )z > —(1 = 247"y

This implies that y = (A — A¢) ~'u. In particular, y is independent of the subsequence cho-
sen. This implies that the whole sequence (A — A lu, converges to y = (A — Ao)~lu. Thus,
- A0~ EE o — a9

From this we have the compact convergence of (A — Aol E) (A — Ag)~! and the result is
proved. O

Lemma 4.9. If A and & are chosen such that S5 := {u € C: |u — A| = 8} satisfies 0 (Ag) N S5 =@
then, there exists €5, > 0 such that 0 (A¢) N S5 =0 for all € < eg;.

Proof. Suppose not. Then, there are sequences €, — 0, A, € S5 (which we may assume con-
vergent to A) and ue, € Ue,, |lue,llu, =1 such that u, — (Ae,) 'Apue, =0 or equivalently
An(Ae,) " ue, = ue,. It follows from compact convergence that u,, has a convergent subsequence
to u € Up, |lully, =1 and that Agu = Au which contradicts our assumption. [

For an isolated point A € o0(Ag) we associate its generalized eigenspace W (A, Ag) =
O(A, Ag)Uy, where

1

Q0. Ag) = 5 — f (1 — Ag)~' de,
Tl
[E—A|=6

and § is chosen so small that there is no other point of o (Ap) in the disc {§ € C: |& — 1| < 8}.
It follows from the previous lemma that there is €g; such that p(A¢) D S5 for all € < eg,. We
denote by W (X, A¢) = Q(A, Ao)Ue, where

1

Q0. Ad) = 5— / (1 — A7 de.
Tl
|§—2|=5

Our next result says that the spectrum of A, for € small, approaches the spectrum of Ay. We
already know that the spectrum of A, or Ag consists of isolated eigenvalues only.

Theorem 4.10. Let A, Ag be such that (4.5) is satisfied. Then the following statements hold.

(1) If Ao € 0 (Ap), there exists a sequence €, — 0 and 1, € 6 (A¢,), n € N, such that L, — Ao

asn — oQ.

(i1) If for some sequences €, — 0, A, € 0(A¢,), n € N, one has A, — Ao as n — 0o, then
Ao € 0 (Ap).

(iii) There exists €y > 0 such that dim W (Ao, A¢) = dim W (Aq, Ao) for all 0 < € < €.

@(iv) If u € W(ro, Ao), there exists a sequence {uc}, uc € W(ko, A¢), such that u, —E> u.

V) Ifen > 0, and u, € WA, A,), satisfies |unllu,, =1 then, {u,} has an E-convergent sub-
sequence and any limit point of this sequence belongs to W (Lo, Ao).-
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Proof. (i) Let us take any Ao € 0(Ag) and consider O(Ag,5) = {A € C: |A — Xg| < &} such
that O (L, 8) N o (Ag) = {Xo}. To show that there is €y > 0 such that ||(A — A) || = O(1) for
€ €10, 0] and A € dO(Xp, d) it is enough to prove that

[(1=2AZ1) "= 001), €ecl0,6l, A edO0,d).

If that is not the case there will be a sequence A, € d0(X¢, §) (which we may assume convergent
to some A € 30 (A, 8)), a sequence u, € U, |, lu,, =1, and a sequence €, — 0 such that

n—o00

| (1 = hn(A6)™Yun ], =0

Since A € p(Ag), that is in contradiction with Lemma 4.7.
Assume now that O(rg, 8) C p(A¢). The function (A — A.)~! is holomorphic. From what we
have just proved and from the Maximum Modulus Theorem one can see that

[(7 =204 7| <

NN
h \)»7)~0|=m$2,u€(€[0,50] [(1=2A") [ =c <00

Hence if €, — 0 and u, — u, it follows from Lemma 4.7 that

[(oAg" = Dull gy = lim [ (RoAZ! = Dunlly. > cllullug.

ul
Uo n— 00

for some ¢ > 0 and Ao € p(Ap). So any O(Xg, 8) contains some point of o (Ac), for suitably
small €.

(i) Assume now that €, — 0, {A,},1, € 0(A,), is such that %, — X and
(I = 2 (Ae,) " Dunll =0, [lunll = 1. Then

[ =)™ unlly, = (= 2n(Ae) ™Yt = Go= 20 Ae) ], =0

as n — 0o. Once |lu,|| = 1 we have, taking subsequences if necessary, (Aén)*lu,, — y and
u, —> u, ||u|| = 1. Therefore u — )»A&lu =0, u # 0, which means X € o (Ag).

(iii) Since (A — A¢) ! =0 (A — Ag)~! for any A such that |A — | = 8 and since
{H(A—AE)_IH: 0<e<e)

is bounded, it follows from Dominated Convergence Theorem that Q. (Ao) ﬂ) O o).
If vy, ..., vg is a basis for W (kg, Ag) = Qo(ro) Uy, it is easy to see that, for suitably small €,

{QG()\'O)Efvlv cees QE(AO)EeUk}

is a linearly independent set in Q(1g)U,. Hence rank(Q¢(1o)) = rank(Q(Ap)).

We prove the converse inequality assuming that Q. (Lo) — Q(X¢) compactly. If for some
sequence €, — 0, rank(Qc, (A0)) > rank(Q (%)), it follows from Lemma IV.2.3 in [31] that, for
each n e N, there is a u, € W(ro, Ae,), lunll = 1, such that dist(u,, W(ro, Ao)) = 1. From the
compact convergence we can assume that Q¢ (Ao)u, = u, — Qo(Ao)uo = ug, hence

1< ||un — Qo(ho)un| = || Qe, h0)utn — Qo(ho)un | — 0.
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So we need to prove just compact convergence Q.(Ag) — Q(Ag) and that follows from the
compact convergence of A;l — Ay ! from the uniform boundedness of || ts A;l -D7 (¢ -
Ao| =8 and € € [0, €¢]), given by Lemma 4.7, and from the formula

0cho) =~ f (€1 —A)Vde = AT f (cAZ' = 1) dg
= o ¢ € 2mi € ’

[ —Aol=0 [ —Aol=0

(iv) This follows taking ue = Q(Ao) Ecut.
(v) Follows from the compact convergence of Q. to Q proved in (iii). O

Proposition 4.11. Let A, Ag be such that condition (4.5) is satisfied. Let K be a compact subset
of p(Ao). Then, there is a constant €x > 0 such that K C p(A¢) for all € € [0, ex] and

sup  [(x =A™ < oo 4.7)
rekK,eel0,ex]
Furthermore, for any u € Uy
sup | 0. — A) ™ Ecu — Ec(.— Ag)~ul|,, =3 0. (4.8)

rekK

Proof. Let us first prove that there is a ex > 0 such that K C p(A¢) for all € € [0, eg]. Suppose
that this is not the case then, there are sequences €, — 0, {A,} € K such that A, is an eigenvalue
of A,,. Since K is compact we may assume that there is a A € K such that A, — A. It follows
form Theorem 4.10, part (i), that X € o (Ap) which is a contradiction.

To prove (4.7), it is enough to prove that

sup | (7 —)LAE_I)_1 | < oo.
LeK,e€[0,ex]

We assume that this is not the case; t!lat is, assume that there are sequences €, — 0, A, € K
(which we may assume convergent to A € K) such that

O e

Since A,,A;l converges compactly to XA(; ! this is in contradiction with Lemma 4.7.

It remains to prove (4.8). Once again, we prove it by contradiction. Assume that there are
sequences €, — 0, K 5 A, — A € K and n > 0 such that

| Oun = Ae) ™ Ec,u = Ee, Gin — A0) ™ u =, (4.9)
Using the resolvent identity we have
(hn = Ae,) " Bt = (b= Ae,) " Eqyut = (= hn) (hn — Ae, )™ (k= Ae,) ™' Ee,u.

It follows from the (4.7) that

| — A) VEqu— (- Afn)_lEfnuHUen —0 asn— oo. (4.10)
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Since, from Lemma 4.8,
| — Ae) " Ec,u — Ee, (A — Ao)*‘u||UEn —0 asn— oo (4.11)
and, from the continuity properties of the resolvent operators,
|G = A0) " u = G = Ag)u]|y, > 0 asn — oo 4.12)
Now, (4.10)—(4.12) are in contradiction with (4.9) and the result is proved. O
4.1. Linearization

In many instances we will be interested in analyzing the behavior, in terms of compact con-
vergence, spectrum, etc., of operators that come from the linearization around certain stationary
solutions of nonlinear problems. This amounts to study the behavior of operators of the form
A¢ + Ve where V. : U, — Ug is a bounded operator (typically a multiplication by a potential).
We will see that under fairly general hypotheses, once compact convergence of Ae_l to Ay Uis
obtained, we can analyze the operators of the form A¢ + V.

Consider the following hypothesis

(4.5) holds and V, € L(U,, Ue), € € [0, 1] such that A=V, <5 A7'Vo.|  (4.13)

Example 4.12. Assume we are in the setting of Examples 4.1 and 4.6 and let V. € L*°(£2,) and
Vo € L (£2) & L*°(0, 1) be potentials satisfying that V, i> Vi. Then, we have

A7V ES AT
Note that A;l Ve(ue) = Ae_l(Veue). To prove this, notice that by the boundedness of the

potentials V it is easy to see that if u, is a bounded sequence in U?, then V. u, is also a bounded
sequence in UZ. By the compact convergence of Ae_l we get that AE_1 (Veue) is precompact.

. E . E _ E  _
Moreover, if ue —> ug in UL, then Voue —> Vougo. And therefore A 'ou. = A, ! Vouo

since A;l EE Aal.
We assume the following condition
0¢o(Ag+ Vo). (4.14)

It is clear that Ag + Vp has compact resolvent. Let Ac = A+ V., 0< e < 1. We can show
the following result:

Proposition 4.13. Assume that conditions (4.13) and (4.14) are satisfied. Then, there is an €y > 0
such that 0 ¢ o (Ac + Vo), [|(Ae + Vo)~ lzw.) < M independent of € for 0 < € < €9. Moreover,

_1 CC _
(Ae + Vo)™ = (Ao + Vo).

In particular, the operators Ae = Ac + Vi, 0 < e < 1, satisfy condition (4.5).
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Proof. To prove the result note that
A+ Vo' =T+ A"V Al
Since —AE_1 Ve converges compactly to —A Vo and —Ae_1 converges compactly to (—Ag)~!,

the uniform boundedness follows from Lemma 4.7.

To prove that (Ae + Ve)_l g’ (Ao + V())_1 we note that, for each sequence u, € Uc with
luelly, <1 we have

Ve =(Ae + Vo) ue = (I + AZ'V) ' AT
is a bounded sequence and that
Ve = —AG_IVEUS + A;lue.
Taking subsequences we may assume that {Ae_1 Veve} and {A;lue} are convergent and it follows
that {v.} has a convergent subsequence. In addition, if {«.} is convergent to u we have that from
the above that {vc} converges along subsequences to v which must satisfy

v=—A;"Vov+ Ay 'u

and v = (Ag + Vo)~ 'u. From the fact that the limit is independent of the subsequence we have
convergence. [

Observing that, from Proposition 4.13, A;l converges compactly to Aa ! and proceeding
exactly as in Proposition 4.11 we obtain the following result:

Corollary 4.14. Under the conditions of Proposition 4.13, all the results of Theorem 4.10 and

Proposition 4.11, apply to the family of operators A¢ = A¢ + Ve, 0 < e < 1.
Proof. Just observe that from Proposition 4.13 the operators A, satisfy condition (4.5). O
5. Continuity of the set of equilibria
Let us consider in the family of Banach spaces U, the following family of nonlinear problems
Acue + fe(ue) =0, (5.1)
where fe:Us — Ue is a bounded and differentiable map for € € [0, 1]. Let & = {u}: Acu? +

few?) =0}, e€[0,1].
‘We assume that

Ac satisfies (4.5) and AZ1£. () =5 A" fo(0). (5.2)
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Example 5.1. Let £2, be the dumbbell domain defined in Section 2 and consider the setting from
Examples 4.1 and 4.6. Let f:R — R be a bounded function with bounded derivatives up to
second order. Let us show that if we denote by f.: U — UL, p > N, the Nemitskii map of f
in UZ; that is, fe(ue)(x) = f(ue(x)), x € £2¢, then (5.2) is satisfied.

Suppose that UZ > u, LN u e Uop. Then,

e—0

| £ @e) = Ec f§ @) | yp = | £ @e) = fEEew) || yp < Lllue = Eeullyp = 0. (5.3)

Condition (5.2) now follows from the compact convergence A;l < Ay ! from the fact that fE
is bounded uniformly for € € [0, 1] and from (5.3).

Consider the following definition of the index. We refer to [33,39] for details.

Definition 5.2. Let U be a real Banach space, O C U and denote by (O) the set of com-
pact maps from O into U. We say that a triple (/ — F, O, u) is admissible if O C U is open
and bounded, F € K(O) and u ¢ (I — F)(30). A function y which assigns an integer number
y(I — F, O, u) to each admissible triple (I — F, O, u) with the properties

(1) yU,0,u)=1foru €O,

2) yU—-F,0,u)=y(I —F,O1,u)+y({ —F,O,u) whenever O and O, are disjoint open
subsets of O such that u ¢ (I — F)(O \ (O1 U 0y));

(3) y(I—H(t,-), O, u(t)) is independent of t € [0, 1] whenever H :[0, 1] x O — U is compact,
u(-):[0, 11— U is continuous and u(t) ¢ (I — H(¢,-))(@O) on [0, 1]

is called a Leray—Schauder degree.

Let F € K(O),u €O and ¢y > 0. If, for all € € (0, ¢9], (I — F, B(u, €), u) is an admissible
triple (B(u, €) is the ball of radius € around u) and y (I — F, B(u, €), u) is independent of € €
(0, €0], we say that this common value is the index of u relatively to the map I — F and denote
itby ind(u, I — F).

Now we can show:

Theorem 5.3. If ug; is an equilibrium point of (5.1) with € = 0 which satisfies 0 ¢ o (Ao + fj(ug))
then, uj is an isolated equilibrium point with | ind(uf, I + Ay fju)| = 1.

Proof. Note that u is a solution of (5.1) with € = 0 if and only if it is a fixed point of the compact
operator —Ag ! fo(-): Uy — Up. Also, 0 & o (Ag + f§(ug)) if and only if 1 ¢ o(—Ay " £ ui)). It
follows that there is a constant n > 0 such that ||v + Aalfé(ug)vnyo 2 21|lvlly,. If we define
wo(uh, v) = Ag ' folug +v) — Ay fo(uh) — Ay £ (uf)v, then, by the differentiability of fo we
have that

I wO(”Sv Vlyy v—0

vl

In particular, there is r > 0 such that |lwo(ug, v)lly, < nllvly, for [vlly, < r. Then,
for |Jug — ully, <r we have
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Ju+Ag" o) |y, = lu—ui — (A" fow) — A5 folus)) |,

> flu = i+ Ag " 15 (5) (1w = ) |y, = [wo (s, w = ) [y, > nllu = w5

Thus ug is an isolated equilibrium. The proof that |ind(ug, I + A, ! fowi)| =1 follows as a
direct consequence of [33, Theorem 21.6]. O

Corollary 5.4. If ug; is a hyperbolic solution of (5.1) with € = 0 then, ug is an isolated equilibrium
and |ind(uj}, I + Ay fiui)| = 1.

Proposition 5.5. If all points in &y are isolated then, there is only a finite number of them. If
0¢ o (Ao + fyug)) for each uf € & then, & is a finite set with an odd number of elements.

Proof. First we observe that all solutions of (5.1) with € = 0 satisfies

u+ Ay fow) =0. (5.4)
If we consider the ball of radius larger than ||A51 K, with K = sup{|| fow)lly,: u € Up}, then
the operator —Aal f(-) maps the ball B(O0, ||A6] IK) C Uy into itself. By Schauder fixed point

theorem [33, Theorem 21.6] y (I + Aalfo(-), B(0, ||Aa1 IK),0) =1 (y is the degree of Leray—
Schauder) and there is at least one fixed point u for —Aglf(-) in B(O0, ||Aal || K); that is,

ul+ Ay fo(uy) =0 with uf € B(0,

Ay K).

Since the operator —Aalfo(‘):Uo — Uy is compact we have that the set & = {u: Aou +
fo(u) = 0} is compact in Up. Moreover, by Theorem 5.3 any fixed point ug is isolated. If
the number of the fixed points is infinite, i.e., we have a sequence {uj.‘ ;?il, then the sequence
—Ay ! fou?) =uf — u?, converges on some subsequence i € N’ C N, which is a contradiction
with the fact that each fixed point u is isolated. So the number of the equilibrium points is
finite. Now by [33, Theorem 20.6]

d
L=y (I + Ay o). B0, | Ag | K).0) = > ind(uf, I+ Ay £ ()
i=1

and therefore the number d = 2k + 1 for some integer k > 0. O

Proposition 5.6. Assume that condition (5.2) is satisfied and that problems (5.1) have solutions
{uz}, € € (0, 1]. Then, taking subsequences if necessary, there is a solution uf; of (5.1) with € =0

such that |\u} — Ecuglly, — 0 as € — 0.

Proof. If u} is a solution of (5.1) we have that u} = —Ae_lfe(u:). From the fact that
A;l fe(-):Ue = Ue is bounded uniformly for € € [0, 1] it follows that {u}} is bounded. From
(5.2), we have that there is a subsequence, which we again denote by u}, such that u;‘img
Again from (5.2) we have that

ug+ Ag " fo(ug) =0,

which is equivalent to say that ug is a solution of (5.1) withe =0. O
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Proposition 5.7. Assume that (5.2) holds and that u("; is hyperbolic solution of (5.1) with € = 0.
Then there are €g and 8 > 0 such that for 0 < € < €y Egs. (5.1) have at least one solution u in
{we: |we — Eeuglly, < 8). Furthermore, |ui — Ecugllu, — 0 as € — 0.

Proof. As in Corollary 5.4 there is a ball B(ué, &) such that there are no other fixed points in it
except ugy and we get [ind(ug, I + A51f0(~))| = 1. It is easy to see that the hypotheses of [39,
Theorem 3] are satisfied and therefore there is at least one fixed point #} in any ball B(Eeug, §),
€ < €, for some €y > 0. This sequence {u}} is E-convergent to u(*;. O

The last two results, Propositions 5.6 and 5.7, show the continuity of the set of equilibria in the
following sense: if u is a sequence of equilibria of (5.1) then we can get a subsequence such that
ujimg, which is an equilibrium of the limit equations and vice versa, if g is an equilibrium
solution of the limit equation which is hyperbolic, then there exists a sequence of solutions u}
for all € > 0 small enough such that uz—E>u3

We want to impose conditions now on the nonlinearities f, that guarantee that for a fixed
hyperbolic equilibrium solution u of the limit equation we have one and only one solution u;
of the perturbed equation nearby. In order to accomplish this, we will need some kind of uniform
differentiability property of the nonlinearities f,. For this, define first

we (g, v) = A fe (g +v) = A fe(uf) = AL ().

Consider the following hypothesis

Hypothesis (5.2) holds, and if u} are equilibrium solutions with u} N ug then, (5.5)

AZVFL @) S5 AT fl ) and W = o(1) as |[v]|y, — 0, uniformly in e.

lwe g, v)llue
lvllve
exists a § > 0 such that ||we (1), v) ||y, < pllvlly, forall v e Ue with vy, <6.

We can show now the following theorem.

Observe that saying that = 0(1) uniformly in € means that for each p > 0, there

Theorem 5.8. Assume (5.5) holds and let uj be a solution of (5.1) with € = 0 which satisfies
0 ¢ o(Ag + fy(uf))). Then, there is a § > 0 such that (5.1) has a unique solution u} such that
luf — Ecufliu, <.

If, for all solutions uf of (5.1) with € =0, 0 ¢ o (Ag + fy(u)) then, from Proposition 5.5,
(5.1) with € = 0 has a finite number nqg of solutions ”Tv U 7 In this case, there is an €y such
that (5.1) has exactly ng solutions, u* PETRRRS 7 no,for all € < eo and u —>u* 1 <i <ny.

If, moreover, uj is a hyperbolic eqmltbrlum point then u} is also hyperboltc and we can
apply Corollary 4.14. In particular, the linear unstable manlfold of u} E-converges to the linear
unstable manifold of ug.

Proof. Note that u} is a solution of (5.1) if and only if it is a fixed point of the compact oper-
ator —A;lfé(-) :Uc — Ue. Also, from Lemma 4.7, there is an €g > 0 and 1 > 0 (independent
of € € [0, €g]) such that, for any € < €g, 0 ¢ 0 (Ac + f/(u¥)) and ||( + A;lfe’(uj))veny6 >
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2nllvelly, . We write

Aglfé (u: + ve) — A;]fe(u;“) — A;]fe/(uj)ve = W, (u:, ve),
lw@?, ve)llu, <i(

lvellw. ),
llvellv. ‘

where (from (5.5)) h:[0,00) — R can be taken continuous with 4(0) = 0. Hence, there is
a § > 0 (independent of €) such that ||we(u}, ve)lly, < nllvelly, for |lvelly, < 26. Then, for
lug —uelly, <28
Jue + A fewo |y, > Jue —ug+ AT FL () (ud = ue) |y, — [we (. ue —u),
2 n|ue —ug].

Thus u} is the only solution of (5.1) in Bys (). This together with the fact that u. N ugy implies
the result. O

Example 5.9. Assume we are exactly in the s%me conditions of Example 5.1. Let us show that
hypotheses (5.5) also holds. Notice that if u} —u(, and if we define Ve = f'(u}), Vo = f'(uo),
we have that since f’ is a bounded function that V, € L*®(§2,), Vo € L*°(£2) ® L*°(0, 1). More-

over, V¢ N Vo. Applying the results in Example 4.12, we get
A () <5 A ).
Let us prove now that, for each € € [0, 1], we get

[we e, v) ] = [AZT (£ e +v) = f£ @) = (£6) @v) | yr < Cllvllp. v e UL,
(5.6)

for any N < g < p, where C is a constant independent of €. To prove (5.6) we note first that,
as it will be proved in Appendix A, Lemma A.11, we have that for each N < ¢ there exists a
constant C, independent of €, such that

Jac! | ccws Loy < € 5.7

By interpolation, it is not difficult to see that if N < g < p we also have ||A€_1 lzwe vry < C-
Hence, if N < g < p, we have

[AZH (£ e +v) = fEwe) = (£¢) @)
<C[[ftue +v) = fue) = fwev] o
< C[f (e ) + 00 0)) = £ (1e@)) o) o
<C| £ (uel) +0@)() = ' (e@)) |y, [0C | - 5.8)

Ue
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1 1_1
where -+ P =g Note that

| /(e + 60 00)) = f/(ue@)) | (o) < C.

| £ (e ) + 60 ()) = f'(ue ) | yr < Cllvll

and by interpolation

P
ur <ClIvll7

rP—q
q

£/ (e (x) + 0 (x)0(x)) — £ (e ()| <Clv

v?
which implies (5.6).
6. Proof of the main results: Theorems 2.3 and 2.5

In this section we will assume that Proposition 2.7 is proved and will provide a demonstration
of Theorems 2.3 and 2.5. The proof of Proposition 2.7 will be obtained in Appendix A.

Proof of Theorem 2.3. Under the conditions of the nonlinearity from Section 2 and with the
aid of the maximum principle, we easily get that the set of equilibrium points & is bounded in
L*°(£2,) with a bound independent of €. Similarly, the set of equilibria of the limit problem is
also uniformly bounded.

Notice that, if p > N, with the definitions of U’ and Ué7 from Section 2 and Example 4.1,
we have from Proposition 2.7 the compact convergence of A;l to Ay ' In particular, (4.5) holds
true. Moreover, as it is shown in Example 5.1, condition (5.2) is also satisfied. Applying now
Proposition 5.6, we show (2.7).

If we denote now by f* = f(u}) € Ul and f§ = f(u}) € UJ, by (2.7) and by the continuity
of the nonlinearity f, we have that || f* — Ee f; |l yp —> 0 as € — 0. Applying Proposition 2.7,
point (2)(i)—(iii) and taking into account that u* = Agl fE uy = Aalf(;k, we prove (i) of Theo-
rem 2.3.

To show (ii), observe that by Example 5.9, we have that hypothesis (5.5) holds true. In partic-
ular, we can apply Theorem 5.8, which proves (ii). This concludes the proof of the theorem. O

Proof of Theorem 2.5. If we are in the conditions of Theorem 2.3 and we have a sequence
of equilibria u} which E-converges to u(’j = (wo, vo) satisfying (2.7) and (2.8), we have that if
we define Ve = f'(uf) + M and Vo = f’(ué) + M, for some positive M large enough so that
f'(u§) + M = 0, then, as it is shown in Example 4.12, (4.13) holds. Moreover, since f'(uf) +
M > 0, we have that (4.14) also holds.

Hence, we can apply Proposition 4.13 which in particular implies that the spectral con-
vergence result given by Theorem 4.10 hold true for the operators A + f'(u}) + M and
Ao + f'(uj) + M. Since the effect of the constant M in the operators above is just a shift in
the spectrum, we show that the results of Theorem 4.10 hold true for the operators A¢ + f’(u})
and Ao+ f'(ug). In particular, we obtain the convergence of the eigenvalues and the convergence
of the spectral projections in UZ . To show the convergence in the HE1 norm we proceed similarly
as in Theorem 2.3. O
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Appendix A. Resolvent convergence

In this appendix we will show Proposition 2.7, which is the main result on the convergence of
the resolvent operators.

Before we start comparing the resolvent operators of A and Ag, we present some preliminary
results, including some extension and projection operators, that will be needed to prove the result.

A.l. The projection

We introduce now the basic projection operator that we will use.
Let ¢, € UY where U’ = L?(£2,) with the norm

1=N
lPecllu, = pellLr(2) +€ P lldellLr(ry,

for € > 0 and U} = L?(£2) & Ly (0, 1) with the norm

[, )] gp = lwlie) + 10llp 1),

where [[wll 1) = (o Tw(s)Pg(s)ds) /P

To compare functions from U/ and from Ué’ , we define the following projection operator

Mo UP = UP, W — (M) (x) = Ve(¥), xef2, (A1)
€ € 0° € eVe = Téswe, s€(0,1), .
where
1
T e(x) = T /W(s,y)dy, P ={y: (s.y) € Re}. (A2)
€ I

The following result holds:

Lemma A.1. The projection M is a bounded operator with norm |[Me|l ¢y, vl = L.

Proof. If ¢, € U, then, if x = (s, y) withs e Rand y e RVN~1,

||Me¢e||ué’ = (/|¢6(X)|pdx> +
2
=</\¢E<x>|”dx> +
2
L 1
= (flfﬁe(x)!”dx) +€1_N<fg(s)_p+l
2

0

P

g(s>|M6¢E(s)|”ds)

g(s)

/
([ el )

,v)d
|F€S|/¢e(s y)dy
r;
1
p v
ds)

que(s,y)dy
re
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1 1 I

< </|¢E(x)|”dx> +elN(/g(s)"+‘|r:|”‘/|¢e<s,y)|”dyds)

2 0 I's
5w 5
=</|¢e<x>|”dx> +e‘T(f/|¢e<s,y)|deds> = Igelu..
2 0 Iy

The equality holds if ¢, is independent of y in R.. O
A.2. The extension

Let ¥ € U(f , to consider ¥ as a function in U, we define the following extension operator

E: Ul U.. 1//—>(E€1//)(x)={w(x)’ 2, (A3)
Y(s), (s,y) €Re.

Of course, E¢ can be considered in larger spaces with the same definition. It is easy to see that
E¢ has the following property:

Lemma A.2. E, : Ué) — UL is a bounded linear operator and
[Ec, )]y = [, 0) ][y,
forall (w,v) € Ué’.

Lemma A.3. There is a positive constant C such that, for ¥ € H L(.), we have that

IWell72 g,y = 1We = EeMeWell7a g, + IEeMeVel o g (A4
e |2
IEeMce = Vel g, < C€? | == : (A.5)
‘ 9 llr2re

Proof. Note that

el = [ 10eP dx = [ 00 = EMepi + Bty dx

R Re
=/|we - EeMewe|2+2/<we C EMAYOEMo e +/ \EcMoye .
R. R, R.
On the other hand,

1

/(we —EMAV)EM A = f /(1//6 —EMYy)EMcpedsdy
Re

0 Iy
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Z/Mél/lé(x){/[wé(-x)_EeMel/fe(X)]dy}dS=O

rs

€

So identity (A.4) follows. Observe that

|EcMepe — wenm) /|(E6Mewe Ye) ()] dx—//|(EeMeWe 1ﬁe)()€)| dsdy.

0ry

Hence, let us estimate f s ((Mepe — 1//6)(x)|2 dy. In fact, from the variational characterization
€
of eigenvalues for the Neumann Laplacian in I’, we have that

) i {fp Vol

(TS
d JrsloP

€

cpeHY(IY), ¢ #0, /¢=0}. (A.6)

Taking ¢ = Mc e — Y, we have

2 81//6
fIM Ve — Vel < <3 (FS)/‘ (A7)
From (A.6), it follows that
JrsIVoI*
palry) =min{ S e H (1), 920, [o=0]
Jrs 191 A
| JrsIVOI 1
ze—zm {fpskblz tpe H\(ITV), ¢ #0, /qs o} M7, (A8)

where Ao (I}') is the second eigenvalue of the Neumann Laplacian in I’. Using (A.8) and (A.7),

we ha\/e tha.t
éwé

where we used the fact that the map [0, 1] 5 5 — A2(I}) € (0, 00) is continuous and therefore
attains its minimum at a positive value; that is,

(A9)

‘3%

= Mm(IF)=r(r7) >0, xelo,1],

m 02“2 2(I7) =2 (17) > x €0, 1]

from which we have C := % > ﬁ Now, integrating from O to 1 we have inequal-
1

ity (A.5). O
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A.3. Continuous extension

Observe that the operator E. does not takes continuous functions into continuous functions.
When such property is required we consider the following extension operator. If C = {(w, v) €
C(£2) ® C(0, 1) with w(0) = v(0) and w(1) = v(1)} then

w, Xx €82,

ES: C— C(R20), , E5(w,v) =
c (£26), (w,v) > Es(w,v) {v, reR..

(A.10)

where
v(x) =v(s) + he(s)(w(O, y) — v(O)) +h (1 — s)(w(l, y) — v(l)), x €R., (A.ll)
and hs(s) = h(%), where h: Rt — [0, 1] is C* function such that

1, forsel0,1/4],

h(s) =
0, fors>3/4

and |h'(s)] < C.
We can easily estimate the difference of these operators in the following way.

Lemma A 4. Let E. and Eé be the extension operators defined above. If (w, v) € C with (w, v) €
cl(2) ® C([0, 11) we have that

[(Ee = Ew. )] 12, < C T Iwllcr . (A12)
[(Ee = E&)w. 0 1 @yomir,) < €™ Iwlcr ) (A.13)
I Eew )20, = [Ecwv)|[ap, | < C¥wllcr g lvlcop . (Al
IVEE@. 0 32m,) = I VEw. 0) 2, | < CMlwlicizy Ivlicron (A15)

Proof. Let C 3> (w,v) € C1(£2) ® C(0, 1). Then, since

2 2 2
” (Ee — EG)(w, v) ”LZ(.QS) = ” (Ee — EG)(w, v) ||L2(SZ) + H (Ee — EG)(w, U)HL2(R€)
= ” (Ef - Eé)(w, v) HZLZ(RG)’

2

we only need to estimate || (E¢ — EE)(w, v)||L2(R )

Hence,

” (Ef - Eé)(w’ v) ||i2(R€)
€ 1

=//|h€(s)(w(0,y)—v(O))|2dyds+ / /|h€(1—s)(w(l,y)—v(l))|2dyds

0y 1= I
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€ 1
=//|h€(s)|2|w(0,y)—w(0,0)|2dyds+ / /|he(1—s)|2|w(1,y)—w(1,0)|2dyds

0 Iy 1—e I}

1
2
ow
clffm (sup ) dyds+clff|y|2(sup
yery e yery
!

2
) dyds

N
<2cl<//|y| dyds + / [ e dyds)ﬂwucl(m CN U, 5. (A16)
0TIy 1—eTY?

where we have used the fact that v(0) = w(0, 0) and v(1) = w(1,0) and that || < CeN-1,
This shows (A.12).
To show (A.13), it is enough to estimate ||V(E. — Ee)(w V)l 2k, Since h.(s) =

€~ 'h(s/€) and with a similar argument we have
2
“V(EG - Eé)(w, v) HLQ(RE)
€ €
=/|h;(s)|2f|w(o,y)—v(0)|2dyds+/|h€(s)|2f|vyw(o, V|’ dyds
0 rs 0 rs

1 1

+ / |h;(1—s)|2/|w(1,y)—u(1)|2dyds+ / |h5(1—s)|2/|Vyw(l,y)|2dyds

1—e€ ry 1—e rs
€ €
< Cie? Iy2dyds lw|%, = 4+ Ci dyds |wl2, =
= cl() Ccl(2)
0 Iy 0 rs
1 1
+Cie? IyI2dyds w2, - + Ci dyds |wl|%, =
cl() cl(2)
1—eT¥ l—e I}
201N Wl g, + 2C1€M W% ) < CVllwlg ),

where we have also used that [; [ dyds = O(e").
The proof of the last two inequalities follows from the previous ones in the following way

| E&w. 0|72z, = | EE. v) = Ec(w, v) + Ec(w. )35,
= ” Eg(w,v) — Ee(w, U)HiZ(RG) + ” Ec(w,v) “i%&)

+2(E2(w,v)—Ee(w,v),EE(w,v))Lz(Re) and (A.17)
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|VES . v)[}2g,y = | VEE W, v) = VEcw, v)[}2g., + | VEe . )| }2x.,

+ Z(VEé(w, v) — VE (w,v), VE(w, v)) (A.18)

L2(Re)"

But, taking into account that E;(w, v) = Ec(w, v) apart from the set k: ={(s,y) € Re: 0 <
s <¢€,1 —e < s < 1} which has measure of the order of ", then

|(E2(w, v) — Ec(w, v), Ec(w, U))Lz(R€)|

< ” E¢(w,v) — Ec(w, ) ”LZ(R )”Eé(w, v) ||L2(E€)

<Ce" T wller gyt vllcon < CeV M wller g Ivllcon
and with a similar argument
[(VEG(w,v) = VEc(w, v), VEc(w, v)) 12 x|
IES(w,v)  JE(w,v) 9E.(w, v)
<H Ca - — |, <CMwlaglvlicion,
§ § L2(Re) § L2(Ro)

which proves the lemma. O
A.4. Some auxiliary lemmas

Denote by po = (0,0), p1 = (1,0), 0 € RV~! and p a generic point in RY. B(p, p) is the
ball of radius p around p. Consider the following:
Bl (p)=B(p.D\B(p.p). forp<I,
Dl =B(po.p)NR, forO<p<l, DF=B(p1.p)NR, for0<p<l,

Sk=2nBL(po),  SK=20BL(p1),

Gt =2\Bpo,D,  E*=2\Bp.D,
= {6 IsP+ Iy =p. s <0},

={@y: ls=1P+yP=p, s>1},

(@, V)20 =/¢ v, (. V)2 = / ¢-y. (A.19)

L2(Re)

For a function v, defined in £2., we write

%= [y Tlye=
P 6_ F € P € — 1
f o I



J.M. Arrieta et al. / J. Differential Equations 231 (2006) 551-597 583

With this we have the following result.

Lemma A.5. Let r > 1, TO, T as in (A.2), T

e ilr as above and Y. € H'(82). Then, there is a
constant C = C(N) such that

| T0%e — TOwe| < CN)e N2V

T} e = Thwe| < CN)e VD2V e (A.20)

Proof. We only prove the inequality for |T€01p€ - i?w_q. The other is similar. Observe that
eDE = DL and eI = 0. If Y. € H'(£2), we define e (x, y) = Ve (ex, €y) for (x, y) € DF

_ 1 —_1 e
and also a, = \D_g|fD£, Ye = DT fDrL Y. Thus,

1
|Cl6 — T€0¢€| = ﬁ

1 _
/(ae _we(o’)’))d)": ‘W/(ae —we(O,y))dy
1%

€ Fl

1 — _
< W / |a€ - WGl < C”ae - we(O, )HL2(['10)
1
r

< Cllae — JE”Hl(DrL) = Cllac — 1;e”LZ(DrL) + C||V1Ze||L2(DrL)-

Now, the Poincaré inequality [lac — ¥ Iz2(pry < ClIVe Il z2(pz)> implies that |ae — To%.| <
CIIVPell2(pp)- Since IVYell}s ey = € V2 IVUell7s ., We conclude that |ae — T V| <
NIVl 2 pry.-

Following the same reasoning as above we obtain |a, — io Vel < e=N+2)/2 Vel L2(DL) and
therefore

’Tgol/fe - iol//e’ < |T€01/’e - ae‘ + ’ae - iol//e"

Hence, using |T€01//6 —ae| and |ae — iol//€| in the previous inequality, we conclude the proof of
the lemma. 0O

Lemma A.6. There is a constant C = C(N) such that, if Y € H L(2) then,

COImellpelZy gy for N =2,

CNE NMWellF ) for N >2.

(T0%e = TOwe)” + (TM e — T )’ < (A21)

Proof. We prove the lemma for N > 2. For the case N = 2, we refer to [4]. Fori =0, 1, consider
the operators T/; Ve, as above, 0 < p < 7.
We have that

Vel = IVPelhe + IVPellhe = 1VWelfy +IVVelhe +1VVellen + 1V elpn
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But

IVWelgy > min{llVxel3,: T,°xe = T,'Ve. T xe = TV
= (T30 = T0%) min{ IV Rely : 7% =0, T % = 1)
= (T2 — T ) (NN 2 (1 4 0(1)),
where we have used that the minimum is attained when . is the solution of
{ —A%=0, Sk,
T.2% =0, ?92 =1,

andmin{||VX|| :TOx =0, TOX—I}—C(N) . From Lemma A.5, we have that

IVl > CNN (T — THve).
Therefore
IVl + 19l > CN[(T Ve = Towe) + (T = T ]eN 2 (1 +0(1)
> %C(N)(T}Olpe —T2%)*eN 2 (1 4+ 0(1)).
With a similar reasoning we obtain an estimate for ||V || + Ve || . This concludes
the proof. O
Lemma A.7. There is a constant C = C(N) such that, if Y¢ € HY() then,

C|ne|"?[Yellgio). for N=2,

70| + |71y | <
‘ ‘ Ce® MR Yellyiig).  for N >2.

(A22)

Proof. The proof of this lemma follows from the previous and from the fact that |T01//€| +
|T Vel S ClYellgi gy O

A.5. Proof of Proposition 2.7

In Appendix A.5 we will provide a proof of Proposition 2.7. We need to prove first some
preliminary results.

Let f. € UY and define the functions u, € H'(£2.), we € H'(£2) and v, € H(0, 1) as the
solutions of the following linear elliptic problems:

Auc +ue = fe, in 2,
{due He=Je Ing (A.23)
I —0 m 895,
—Awe +we = fe, in$2,
{aw PR (A24)
S5 =0, in 082,
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{__(g(ve) $)s Tve=Mcfe, 1in(0,1),

(A.25)
Ve (0) = we (0), Ve (1) = we ().

We have the following fundamental result:

Proposition A.8. Let p > N. There exists a constant C > 0 such that for any f. € UY with
I fellyr <1, we have

Ce?|lne|, for N =2,

A.26
cevN, for N > 2. ( )

”ue_wt?”?{l(_(z)‘l'”ue ”HI(R)\ {

Proof. Notice first that since || fe ||Up < 1, we have that || fe|lLr(@) < 1, which implies that,
since p > N, we € WP (2) — C1(£2) and ||w6||C1(_Q) C with some constant C indepen-
dent of €. With a similar regularity argument, we can easily show that v, € ([0, 1]) and
llvellc1 (0,17 < €, with C independent of €.

The solutions of the three problems (A.23)—(A.25) can be obtained by a minimization proce-
dure. That is, if we define

Ae = min {l/(IquIZ—H])z)dx—/féqﬁdx},
peH! (20| 2

¢ Qe

fe=min {1f(|V¢|2+¢2)dx—/f€¢dx},
peH (@) 2
2 2
1 1

1
re=min{§fg|¢’|2+g¢2—/g¢2 ¢ € H'(0,1), $(0) =we(po), ¢(1)=we(p1)},

0 0

then A¢, i and . are attained in u¢, we, Ve, respectively, and only there.

Let us first find a relationship among the three values A, we and 7.

If we take the function @, (x) = Eé (we, ve), and denote by v the component of ¢ in R, we
obtain that

1
he <5 /(sz +¢?)dx — / fe@edx

¢ ¢

1 1
2/(legl + w? dx—/fgwedx—i— /(|Vv€| + 92 dx—/fgvgdx
22 Re Re

1 -
= e + 2/(|Vu€| +v )dx—/fevedx.

R Re
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It follows from Lemma A.4 (A.14) and (A.15)

2 2
R R

1 3 3 1
— /(|Vv5|2 +92)dx < < /(|Vvé|2 +vZ)dx + CeV [lwellcr () Vel o1 )

1
<Nl

1
eV z/(g(s)|v;|2+g(s)v€2)ds+C6N,
0

where we have used that [|wel|¢1(p) and |lvellc1 o, 1) are uniformly bounded. Moreover,

/fef)édxZ/Me(fe)vedx"'/Me(fe)(ﬁe_ve)dx
R R, R

1
:€N_l/g(S)Me(fe)UedS+/M€(fe)(1~)e — Ve)dx.

0 Re

But

‘/Me(fe)(i}e_ve)dx

Re

and by Holder,

=
N[z

<=
N
a
m

~ 11  _N-1 N1y
I fellzgy S WfellpR)|Rel> 7 <€ 7 Il fellppgy€ ” (6 )
This implies

1
N+l

‘/Me(fe)(ﬁe_ve)dx < Ce
R

In particular, we obtain the following upper bounds for A

e g,ue—keN_lre—i—CeN.

To obtain the lower bounds, we proceed as follows. From the definition of A, we have

1
Ae = 5/(|Vue|2—i—uz)dx —/fguédx

Qe Qe

1 1
=§/(|Vue|2+uz)dx—/féuedx+5/(|Vue|2+u3)dx—/feu€dx.
2

2 R Re

<=

~ N2
S IMe fell 2 1Ve = vell gy < Cll fell 2R € 2 ||we||cl(§)

(A.27)

(A.28)
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But
1 2 2
5 (IVue| +u€)dx— feuedx
2
1
2/(|Vue_vwe+vwe| “F(ue_we"‘we) dx—/fe(“e_we+we)dx
Q
1 2 2 1 2 2
_5 |Vw5| —}—u)e)dx— fewedx—i—i (|Vu€—Vw€| + (Ue — we) )dx

2

2
+/(ue We)We + /(Vue Vwe)Vwe — ffe(ue — We)
2

1 2 2 1 2
=5 (IVwe > + w?)dx — | fewedx + = 5 (IVite = Vwe? + (ue — we)?)dx,  (A29)
2 2 2

where in the last equality we have used the integration by parts of o (Ve — Vwe)Vwe and the
fact that we is the solution of the elliptic problem (A.24) in £2, that is,

/(Vue —Vw)Vwe = /(ue - - /(ue — We)Awe = /(ue —we)(fe —we).

2 82 2 2

Also we have

1
ZE/OVME_Vve+vve|2+(ue_Ue+Ue)2)dx_/fevedx_/fe(ue_Ue)

Re Re Re

1 1
:E/('Vuf_VU€|2+(M€_Ue)2)+§/(|vve|2+l}€2)
Re RE

+/(vue — Vue) Ve +/(Ue — Ve) Ve _/feve dx _/fe(ue — Ve). (A.30)

But

ou dve \ 0V
[ e = vnowe = [ (G- ) 5
R R

oue OMcue\ 0ve / OMcue  Jve \ Ve
— il el el —— —— |— =L+ 1. (A3l
/( as as ) as + as as J Os 1+ )

Re Re
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First we analyze I7. Observe first that with the change of variables y = € Ls(z) (see (2.1) and
(2.2) for the definition of Lg and L), we get

/ue(s ydy= / ue(SvGLs(Z)) 1 Ji,(2)dz.

|5 |17
B(0,1)
This implies that
dMeue  ~ d Jir, (@)
as V=g / -€L:(@) IFf‘Id
B(0,1
due Jr,(2) 0 Ji, (Z)
/ el L @) e+ / Uyt €L @) (Lo(@) Y d
B(0,1) B(0,1)
+ f e(s.eL, (z)) (JL @)/|I7])dz
B(0,1)
=K1 + K>+ K3.

Undoing the change of variables in K, we get
1 ou
K= N1 / < (s, y)dy.
1—‘5

9L (z)l

Moreover, using that | < C and undoing the change of variables, we have

|K2| < Ce / |Vyue (s, €Ls(2))| I, (2)dz < C |f|V ue(s, y)|dy.

s
B(0,1)
Now,
0(J I_“
Ks= / ue(s,eLs(m)M( ) dz
B(0,1)
a(J rs
_ / (ué(s,emz))—(Meuexs))%(z)dz
B(0,1)
o(J F
+ (Meud)(s) / M( )dz.
B(0,1)
But
dUL/ . d _
/ T(z)dz—£<|rfl JLS(Z)dZ)—O
B(0,1) B(0,1)

because fB((),l) Jr,(x)dz=|I7}|.
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AL, @/IIT)
as |

Similarly undoing the change of variables and using that | < C we have

1

K3 < C
TS|

/|ME(S, y) _Meue(s)‘dy
ry

Putting all the estimates together, we get

dM.u. ol
— M ==
‘ ds () 6( as )

1
<C|FS|(/|ue(s,y> —Meu5<s>|dy+e/|vyue<s,y)|dy>.
€
Iy ry

Now,
1] < Cellogll 2 ro I Vyttell 12er,y + Cllvgll 2 g llte — Mettell2(g,)-
But by Poincaré inequality,
lue — Meuellp2g,) < CellVyuell2r,)
which implies that
1111 < Cellogllz2ro) I Vyttell 2R, -

But we obviously have uniform estimates of ||ve | 1o, 1y- Hence, we have that
Nil N1, ] 2
1| <Ce 2 |[Vyue| < Ce +Z||Vyue”L2(R€)

and observe that || Vyu|%, &y SIIViue = Ve 12, (&) Which implies

1
M1 < Ce ot 2 Ve = VoelTag -

On the other hand, observe that

1
I= N / (Meue) —v))g(s)0.
0

1
=—eN! / (Mette —v0) (8()V.) + [(Meue — vo)(g()))],
0

1
=—eN! / (Mette —v6)[g(5)ve — g(5)Me fe] + €V [(Meue — ve) (g(s)v))];
0

=- /(”e — Ve)Ve + /(”e —Ve) fe + /(Meue —ue) fe+ EN_l[(Meue - ve)(g(s)vé)](l)'

R R R
(A.32)
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From which we obtain

/(|Vu€|2+uz)dx—ffeuedxzf(wvélz—i-vf)dx—/fevedx
Q

Re Re Re

+/(|Vue Vel o (e — ve)) dx + k(€) 4 n(e) + I,

Re
(A.33)
where « (€) = ng (Mcue — ue) fe and n(e) = GN_l[(Meue - Ue)(g(s)vé)](l)-
From (A.5) (Lemma A.3), we obtain that
lk(e)] < ‘ f (e — Meue) fe| < llue — Meuell 2p)l fell 2,
Re

N-1 1=N
<Ce 7 flue — Meuell p2roy (€ 7 I fell 2qr))

N+l 1
< Ce T IVl oy < CEM 4 LIVl g

1

N+1 2

SCeNT 2 IVu = Vel o - (A34)

— 1-N
where we have used that € 7 I fellL2ry < Ce 7 Il fellLrroy < C.
We estimate now 1(€). For this, note first that v.(0) = w¢(0,0) and ve(1) = we(1,0). In
particular,

1
|T€0(w6 - Ue)| = @

(o
/(wao,y) —w5<0,0))dy‘ < W/Iyldy lweller g
o “ro

< Cellwellcr g,
and, similarly, we obtain
T} (e = ve)| < Cellweller -
Hence,
In(©)| < Ce" (| T (we) — ve ()| + T2 (ue) = ve (0)]) lvell e o1y
<CeV (| T e — wo) | + | T (we) — ve (V)| + | T2 (e — we)

+ |Tgo(w€) - Ue(0)|)||ve||cl([o,1])

< CeM (T e — wo) | + T2 (e — wo|)1vell 1 o1y + Ce™ lvellerqo.p lwell o1 i, -
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But using the fact that [lvellci(o,1y)> llwellcr(g,) < € and applying Lemma A.7 with i =
Ue — We, WE gt

In(e)] < CNYEN [T (ue — vo)| + | T (we — ve)|] + CeN
< C(ON @) lue = well 1 (o) + CeV,
where

2

€“|lne|, for N =2,
@N(e)={ inel
eV, for N > 2,

and therefore
1 2
7€) < CON ) + Jllue —welf1 g

where we have used that @y (¢) > €N, Putting together all the estimates, we obtain
/(qu€|2 + uz) dx — / feuedx
Re R

1 1
> /(|Vve|2 +vZ)dx — f fevedx = Sl = velljp g,y = 5 e = wellfpi g,
Re 2
— C(N)®p(e). (A.35)

Thus,
A 2 pe+ €Nt Slae — well ) + Sl — el g, — CON(E)
€ Z Me € B Ue — We HI(2) B Ue — Ve H(Re) NL€).
Since we have obtained that A < e + eV, + CeN, and €N < O (€), then
2 2
”I/le - wE”Hl(_Q) + ”uE - UGHHI(Re) < C@N(E)
This completes the proof of the proposition. O

Lemma A.9. Let {f.} be a sequence such that f. € U’ and | f. ”Uf < 1. Then, there are func-
tions f € LP(2) and h € Lg(O, 1) such that

1
/fgwedx—>ffwdx and Elv;_l/fgvedxﬁfg(s)h(s)v(s)ds
Q Q

Re 0

h ﬂ 5—>00
whenever ||w5—u)||L,,/(Q)+6 I ||v€—v||Lpr(RE)—> .
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Proof. Note that || f¢ ||y, <1 means

1
/(fe(x))”dx+ dV——lf(fe(x))pdx < 1.
2

Re

It follows that, there exists f € L?(§2) such that f, — f weakly in L?(§2). Hence

!fswedx—i!fwdx

whenever ||lwe — w|[Lr(2) — 0.
Also note that, writing x = (s, y) with s € R, y e RV~ and €¥ = y, we have that

1 -
i [y ax< [ ) asas <1,

Re¢ Ry

where fe(s, )7~) = fe(s, €Y). So, there exists he Lf’(Rl) such that fe —h weakly in L”(Ry). Let
us show that 4 is independent of y. Note that, if ¢ € C, (‘)’O(R 1) then,

N [ . € 3 -0
/fe(s, y)—ip(s, ydsdy=—F— / e (s, y)—¢(s, »dsdy = 0.
J 3y e 9y

1 €

If follows that, for all ¢ € CS°(R)),

~ 1-N
Hence, A (s, y) = g(s)h(s) for some h € L?(0, 1). Furthermore, if e 7 ||ve — vllLr(r.) — O then,

1
1
6N—,l/fe(x)ve()c)a’x — /g(s)h(s)v(s)ds. O

Re 0
Now we show the following result:

Proposition A.10. Let p > N and consider a sequence f. € UL with | f. lyr < 1. Let (f, h) €
LP($2) x Lg (0, 1) such that fo — (f, h) weakly in the sense of Lemma A.9. Then

1
lue = wllim @) + —=mzz e = vz = 0 (A.36)
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where u., w and v are the solutions of the following problems,

—Aue +uc = fe, in 82, —Aw+w=f, in$2,
due . ow . (A.37)
W_O’ in 482, W_O’ inos2,
_1 — i
{ g (gvS)S + v ha mn (Oa 1)7 (A.38)
v(0) = w(0), v(l) =w().

Proof. If w. and v, are given by (A.24) and (A.25), respectively, and taking into account that
p>N >2and f. - f weakly in LP(£2) we easily obtain that ||we — wllcoz) — 0 and
|lwe — w||H1(Q) — 0. From Lemma A.8 we get that

Moreover, since we — w in C%(2) and M. f. — h weakly in L (0, 1) it is very simple to
see that we have

||U€ _U”H](O,l) — 0

which implies that

2
GN—_IHUG _U”Hl(Re) - 0

Hence, with this last statement and using Lemma A.8 we get

1
m”lle —vlgir) < E(N_—lm(ﬂue — Vel i, + Ive = vligi(r,y) = 0
which proves the result. O

We obtain now a result on uniform L (£2,) bounds for the family of solutions {u¢}ee[o, 1] of
problem (A.23). This result will show part (i) of Proposition 2.7.

Lemma A.11. There exists a constant C independent of € such that for all f. € UL with p > N /2
and ||f€||U€p < 1 if uc is the solution of (A.23) then

luellzoo(o) <C. (A.39)

Proof. Let us define the functions u! and u?2 as the solutions of the following problems

—Aul +ul = felg., inS,
oul . (A.40)
e =0, in 082,

and
—Auitu? = felo, in$,
ou? . (A41)
55 =0, in 082.
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We proceed in several steps. B
Step 1. Let us show that for each compact set K C £2 \ {0, 1} there is a constant C independent
of € such that

luellzooxy < [ul ||L00(K)+Hu2||L°C(K) C.

This follows easily with a cutoff function and an elementary bootstrap argument.
Step 2. Let us see now that there is a constant C independent of € such that

lu ooy < CE7 I llLrro < 1 e

To prove this result first note that, from step 1, for any compact subset of £ \ {0, 1} we
have that u is uniform bounded in L°°(K ). Hence, if for a small fixed § > 0, we define Re =
([—6,0] x FO)UR U([1, 14+48] x F ), then, there exists a k > 0 such that |u | <kinI(_s5 148 =
(&%}xﬂ%uﬂl+ﬂxlﬂ)

Hence, if we define ¢ = (u! —k)T in £, after multiplying the equation by ¢, and integrating
by parts we have that

/|V¢>e|2+¢3</|V¢E|Z+¢3=/(fe—k>¢e</|fe|¢5. (A42)
J J

Writing x = (s, y) with s € R, y € R¥~! and changing the variables (s, y) to (s, ¥) where to
€y = y we obtain from (A.42) that

/ VGel? + 13l < / Fée. (A43)

where 436 (s,¥) = pe(s,ey) and fe (s, ¥) = fe(s, €y). Proceeding exactly as in [8, Lemma B.1(iii)]
we obtain that

1 l 1

||<Zse||§,l(,;l)<||f1||Lp<Rl)||<Z>s||Lp/<Rl)<||ﬂ||Lp<R1)||<5€||LNz_( Al TV (A44)

where Ay = {(x,y) € ﬁlz ué > k}. From this we have

~ 4L
el 1 g1y < N fellLecryyl Akl ? o

From (A.44) and (A.45) we have that

Z. (A.45)

[N

- ~ N+2 - N+ L,
”(be”Ll(ﬁl) < ”¢€”L%(E )|Ak| U C”¢€”H'(§l)|Ak| 5 C||fg||LP(R1)|Ak| N.
- 1
Since, for p > 5 N we have that 2 7 —|— > 1, it follows from [34, Lemma 5.1] that

||¢’e||LOO(R€) = ”¢€”L°°(R1) C||f||LP(R1) = C6 ” ||fe||L1’(R€

with C = C(R1, N, p).
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Step 3. We show that ||ug||LOO(_Q) <C.
After multiplying Eq. (A.41) by ¥ = (uf — k)T, k > 0, and integrating by parts we have that

/|we|2+|we|2</|we|2+|we|2=/(fe—k)we</fewe. (A.46)
Q¢ £2¢ 2
Proceeding exactly as in [8, Lemma B.1(iii)] we obtain that
1,1 1
IWEIIHl(Q) I fellLrc) 1Well L (o) < "fe”LP(.Q)”we”ngiz( A7 TN (A4
where Ay = {(x, y) € £2: ug > k}. From this we have
L/ 1_1
IVell g2y < I fellLr2)| Akl ? A3 (A.48)
From (A.47) and (A.48) we have that
N+ L, 2
Wl <Wel g, 144 < ClWell g )| ARl I < Cllfellron | Al 7 TF.
Since, for p > 5 N we have that 4, i + > 1, it follows from [34, Lemma 5.1] that
U2l oo (2) = I@ellLe@) < Cll fllLeie) = Cll fellLr o)
with C =C($2, N, p).
C and |u2| g,y < C. Observe that by the maxi-

Step 4. We show that [u!|l ~g) <
mum principle [|u! || 1000y < [|lul Il oo (rpuro) and 2|l Loor,) < ||u£||Loo(1*€1UF€0), which both are

bounded uniformly in € by the previous steps. O

We are in a position now to provide a complete proof of Proposition 2.7

Proof of Proposition 2.7. Observe that part (1) follows directly from Lemma A.11
If || fellyr < 1, then by Lemma A.9 we can get a subsequence, that we denote by € again

and (f, h) € Uy, such that if u and (w, v) are given by (2.13) and (2.14), then (A.36) holds. In

partiéular, this shows (i). Moreover, from (A.36) we have

1
lue — w2y + m”ue = vl — 0.

Holder’s inequality implies

e —w||L|(_Q)—|—m||u6 —vligig,y — 0. (A.49)
Since by Lemma A.11 we have [ue — w|ro(2) + llue — vllLo2) < C, interpolating this

estimate with (A.49), we obtain

1<g < o0.

1
lue — wllLe2) + E(N_—l)/qllue —vllLar,) = 0,
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This shows (ii). Finally, (iii) is proved with (i) and (ii) and using a standard cutoff and bootstrap
procedure.

The last part of the proposition, statement (3), follows using (2), Lemma A.9 and a standard
argument by contradiction. O
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