DYNAMICS IN DUMBBELL DOMAINS 1.
CONTINUITY OF THE SET OF EQUILIBRIA

JOSE M. ARRIETA ', ALEXANDRE N. CARVALHO!, AND GERMAN LOZADA-CRUZ*

ABSTRACT. We analyze the dynamics of a reaction-diffusion equation with homogeneous
Neumann boundary conditions in the dummbell domain. We provide an appropriate func-
tional 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.

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.

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

u—Au+u= f(u), ze€, t>0,

0 1.1
g 0, x€df,, (L)

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

Q

€

FiGUurE 1. Dumbbell domain

1991 Mathematics Subject Classification. Primary 35B40; Secondary 35K55, 35B25.
Key words and phrases. reaction diffusion equation, stationary solutions, dumbbell domains, continuity.
tPartially supported by BFM-2003-03810 DGES, Spain.
fResearch partially supported by CNPq # 305447/2005-0 and by FAPESP # 03/10042-0, Brazil.
*Partially supported FAPESP # 00/01479-8, Brazil.

1



2 J. M. ARRIETA, A. N. CARVALHO, AND G. LOZADA-CRUZ

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 parameters € approaches zero, see Figure [Il

Under standard dissipative assumption on the nonlinearity f of the type, limsup ,_, ., f (s)/s <
1, for fixed € € (0, 1] equation ([LT) has an attractor A, C H'(€).

On the other hand, passing to the limit as € — 0, the limit “domain” will consist of the
domain €y and a line in between, see Figure

FIGURE 2. Limit “domain”

And the limit equation is
(wy — Aw+w=f(w), z€Q, t>0
O_w =0, x€d)
on
(1.2)
vw—Lv+v=fv), s€R
[ v(Po) = w(po), v(p1) = w(p1)

where w is a function that lives in €2 and v lives in the line segment R,. 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 R, = {(z,y) : 0 <2 < 1,0 <y < eg(x)}, then Lv = %(gvx)m. For other channels,
the operator L needs to be calculated explicitly. We also denote by py and p; the points
where the line segment touches the domain ). Again, this system has an attractor Ag in
HY(Q) x HY(Ry).

We are interested in understanding the relation between the attractors A, € € (0, 1] and
Ay. 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 A are
hyperbolic, then the attractors are continuous, that is, upper and lower semicontinuous.
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In appropriate functional spaces, we will see that problem ([LTl) can be written as an
evolutionary equation of the type

u + Au = F(u), t>0
{ u(0) € X, (1.3)
for certain family of spaces X.. Also, problem ([C2) can also be written as
ut+A0u:F0(u), t>0
{ u(0) € Xo (1.4)

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 ([L3) and (LC4). This functional setting
will make use of several concepts like the concept of convergence for a sequence {u}ec(o]
where u. belongs to different spaces X, for each ¢ € (0, 1], an appropriate concept of com-
pactness 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 Hl and

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
AZ! converge in an appropriate way to Ay ! see Proposition B2 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 (L3)) (resp. wug is an equilibrium of (CA)) if u, = AZ'F.(u.) (resp. ug =
Ayt Fy(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

(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 lin-
earizations around the equilibria, that is the convergence of (A, — F!(uc) + A)~! to
(Ag — F!(ug) + X\)~!, 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

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~' to A;' we will show, with a
Trotter-Kato type formula, the convergence of the linear semigroups e=4<t to e~4of,

(5) With the variation of constants formula we will show the convergence of the nonlinear
semigroups. Once this is accomplished, the upper semicontinuity of attractors is
easily obtained.
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(6) Assuming the equilibria are all hyperbolic, with the convergence of the linear unstable
manifolds 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 easily 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 [3§] for the case of thin domains with “holes”. In [6, [[] this same technique is used to
obtain the continuity (upper and lower semicontinuity) of the attractors of reaction diffusion
equations with Neumann boundary conditions when the domain is perturbed. Actually, in
this paper, the only condition imposed in the perturbed domains is the spectral convergence
of the linear operators. Inspired by the works [6, [[] a general scheme to treat the continuity
of the attractors of semilinear parabolic problems is developed in [9]. We also refer to [15), 7]
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 ([LTl) are necessarily spatially
constant, see [I0, B2]. 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 non convex domain (like a
dumbbell domain) some kind of bifurcation of equilibria appears. This aspect was studied
in [T9, &1].

In several works at the end of the 80’s ([22], [23], [24], [25], [26]) and beginning of the 90’s
(24, 28]) S. 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 in 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, B, B for more general channels. See
also [I6] 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
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there has been a study of the rates of the eigenvalues of the dumbbell domains in dimension
3 with a cylindrical channel in [I4]. Also, in [I1] the authors analyze spectral properties
in a multidimensional structure with similar properties as our limitting domain depicted in
Figure 21

In [31], S. Jimbo and Y. Morita made a detailed study of the first k eigenvalues of the
Laplace operator 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 [30], the same authors apply 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 k + 1 eigenvalue), is
equivalent to the dynamics of a system of coupled ordinary differential 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 [30] and of [I§].

In [28], S. 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 2] the author develops a functional framework to treat nonlinear elliptic problems
on sequences of domains {€,}2% ;. The sequence of domains is assumed to be nested, all
of them contain the limit domain, €2y, 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 [31] and in particular it prevents from any contribution to the dynamics of the set €, \
Q. In particular, the results from this paper do not give information to the case of a
dumbbell domain where the limit equation ([C2) 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 Rj.

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 () in a dumbbell domain in RY with N > 2, with the following characteristics:

(1) the channel is not necessarily cylindrical,
(2) there is no restriction in the Lipschitz constant of the nonlinearities, and
(3) the limit equation ([CZ) may have some dynamics in Ry, the limit of the thin channel,

has not been completely solved.
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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 [ 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, Theorem and
Theorem In this section we also state the basic result on the convergence of the resolvent
of the linear operators, Proposition X7 In Section B we establish basic properties of the linear
operators A, and Ay. Section llis 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 Bl We have also included, in Sections Bl and B, several
examples that show how we apply this general results to the case of the dumbbell domain.
We give a proof of Theorem and Theorem ZH in Section B Finally, we have included
Appendix [Al, which is devoted to the proof of compact convergence of the resolvent in the
case of dumbbell type domains, in particular, we show Proposition 27

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
approaches a line segment as the parameter ¢ approaches zero. In order to describe such
domains we need to introduce some terminology.

Let Q Cc RN, N > 2, be a fixed open bounded and smooth domain such that there is an
[ > 0 satisfying

Qn{(s,2"): S+ 2P <P} ={(s,2'): " + |2']* < I?, s <0},
Qn{(s,a): (s = 1>+ 2P <P} ={(s,2) : (s = 1)* + 2" <, s > 1},
Qn{(s,2'): 0<s< 1,|2| <} =0,
with {(0,27) : [2/] <1} U{(1,2') : |2/| <1} C 9. We are using the standard notation RY >
r = (s,2'), with s € R, 2/ = (zg,...,2y) € RV7L

The channel that we consider will be defined as R, = {(s,ex’) : (s,2') € Ry} and R; is
defined as
Ri={(s,2):0<s< 1,2 elj}
and for all 0 < s < 1, I'§ is diffeomorphic to the unit ball in R¥~!. That is, we assume that
for each s € [0, 1], there exists a C'' dipheomorphism
Ls:B(0,1) - I} (2.1)
Moreover, if we define
L:(0,1) x B(0,1) — Ry (2.2)
(s,2) — (s, Ls(2)) '

then L is a C'! dipheomorphism.
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Denote by g(s) := ‘Fﬂ the N —1-dimensional Lebesgue measure of the set I'{. From the
smoothness of Ry, 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) < d; for all s € [0, 1]. Moreover, the channel R,
collapses to the line segment Ry = {(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,2), |2'| <r(s),0< s <1}
For this channel, g(s) = wy_1r(s)V~!
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, 23, 24, 25].

The dumbbell domain will be the domain Q. = QU R, for € € (0, 1]. Observe that we did
not specify any connectedness property for 2. Therefore we can have the situation described
in Figure [ or as in Figure Bl

where wy_1 1s the Lebesgue measure of the unit ball

Q

|

FIGURE 3. Dumbbell domain with a connected (2

Consider the nonlinear elliptic problem
—Au+tu= f(u), =€,
2.3
8_u =0, x€odl. (2:3)
on
defined in the dumbbell domain €2, with f satisfying the following conditions:

(i) f: R — R is a C? function,
(i) | f(w)] +|f'(w)] 4+ |f"(uw)| < Cy for all uw € R,

Remark 2.2. The condition (ii) on the nonlinearity does mot 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
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@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 {&}eco,1] the set of solutions of the problem (33). Under the above
assumptions on the nonlinearity f, & are bounded in L>(§2,) uniformly for ¢ € (0, 1] .

The limit problem of (3] as € — 0 is the following
(—Aw +w = f(w), x€Q,
ov
a—n = 0, x € 0f)
(2.4)
1
=5 gvs), Fv=Fflv), s€(0.1)
v(0) =w(0), ov(l)=w(1).

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 (Z4]) we first find a solution w of the nonlinear problem in €,

{ —Aw+w = f(w), =€

\

w =0, x€dN (25)
on

Any solution of () is very smooth. In particular, it is in C°(Q2) and it makes sense to
take the trace of w at pg and p;. Once this is obtained we solve the nonlinear problem in
(0,1) given by

1

3 (gvs), +v = f(v), s€(0,1)

v(0) = w(0), v(1)=w(1).
The aim of this paper is to compare the solutions of the perturbed problem (23) and the
solutions of the limit problem (). Since the solutions live in different spaces we need to
devise a mechanism to compare functions defined in the limiting domain Q U Ry and in €2..
First of all, we need an extension operator that maps functions (w, v) defined in QU Ry into
functions defined in €2.. The natural way to define this operator is to extend the functions

defined in Ry (that depend only on the variable s) constantly in the other N — 1 variables,
that is:

(2.6)

| w(z), z€Q
Ee(w,v)(z) = { v(s), © = (s,y) € Re

If we consider now X, 0 < € < 1, a family of functional spaces in €2, (say for instance
X =L*Q), 0 < e <1and Xy = L?(Q) x L?(Ry)), we can give the following definition
of convergence: u. — ug if ||ue — Feugl|x., — 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?(€) with the usual metric |[uc[|72q ) = fo, |uel* we will have
that the family of functions u, = 1 will converge to any function uy € L*(2) x L*(Ry) such
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that ug = 1 in Q and it is arbitrary in Ry. In particular, with this choice of metric in L?(£2,)
the limit is not unique. On the other hand, if we define the metric in L?*(£2,) by
1
2 _ 2 2
sy = [+ [ fud

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

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

-1
Re

1-N
I Mlzr) + €7 [ - [l
and denote by Ug = LP(Q) @ Lb(0,1) where LE(0,1) is the space LP(0, 1) with the norm

1 1/p
Hmmmnz(ég@wwww)

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-N ! P
[ullor = llullr@) + € 7 llullerry = l[ulle@) + </ g(S)U(S)pdS) :
0

Notice that the extension operator E. maps U to UP. Moreover,
[Ec(w, v)[or = [[(w, v) |l
We will also consider the spaces H! = H'(Q) & H'(R,) with the norm
-
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 (23) for
e € (0,1] and by & the set of solutions of problem (ZA) 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 € & such that

1-N
m =l e |- llme

lue = Ec(ug)llyz — 0, ase—0 (2.7)

|uf — Ec(ug)||mz — 0, ase—0 (2.8)
Moreover, there exists an o € (0,1) such that for any compact set K C Q\ {po, p1} we have
|ur — ugl|crexy — 0 as e — 0.
ii) For any hyperbolic equilibrium point ul € &y, there exists n > 0 and ey > 0 such that
there exists one and only one equilibrium u? of [Z3) such that

|lur — Ee(ug)|lur <n for 0 < e < e. (2.9)

€

Moreover, () and ([Z8) are satisfied.
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In particular, if every equilibrium of the limit problem is hyperbolic, then we have only
a finite number of them, that is, & = {u},...,ul'} and there exists an ey > 0 such that
E = {ul,...,u™} and u' — u} in the sense of [ZQ) and ). Moreover, the number of
equilibria, m, is an odd number.

Remark 2.4. An equilibrium point ui = (wo,ve) € & is hyperbolic if the linearization of
&) does not have any eigenvalue in the imaginary axis. Observe that A is an eigenvalue of
the linearization if we have solutions (¢,1) not identically zero, such that

(Dbt b flw)d=Ab T,
g—z =0, z€0dQ
¢ (2.10)
—é (g0). + 10— F'(00)d = Mb, s € (0,1)
L ¥(0) =0(0), (1) =0o(1).

From (ZI0) it is easy to see that all eigenvalues are real (although the operator obtained
through linearization is not selfadjoint) and that X = 0 is not an eigenvalue of (ZI0) if
A = 0 is not an eigenvalue of the operator —A¢ + ¢ — f'(wo)p = A in Q with homogeneous
Neumann boundary condition nor an eigenvalue of the operator —é(gws)ﬁw—f’(vo)w =\

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 2.5. In the conditions of Theorem [Z-3 let u} be a sequence of equilibria of (23)
and uly = (wp,vy) an equilibrium of [ZA) satisfying &) and ). Denote by {5}, the
set of eigenvalues (ordered and counting multiplicity) of the linearization around u*, that is,

the eigenvalues of
_A(be + (be - f/(u:>¢e = )\¢67 T € Qev

99 =0, xe€ 0, (2.11)
on
and by {¢S} a corresponding set of orthonormal eigenfunctions.
Also, denote by {\0}>, the set of eigenvalues of ([IU), ordered and counting its algebraic
multiplicity, and denote by {¢°}°° | a corresponding set of generalized eigenfunctions. Then,
we have

A8 foralln=1,2,...
Also if n is such that ) < X0, and we define

Wy = spanle, ..., o], Wy = span[és, ..., ¢;)]
then,
distyr(We, EW?) 80, distys (W, EEW?) 50 (2.12)

In particular, if uj is a hyperbolic equilibrium point of the limit equation and u! is the
sequence of equilibrium points such that ||uf — Ecugly» 80 given by Theorem B33, then
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for € small enough, u’ is also hyperbolic and its linearized unstable manifold converge, in the
sense of ([ZI2), to the linearized unstable manifold of u§. In particular, the dimension of
the unstable manifolds of u} and of uj coincide.

Remark 2.6. i) In relation to [ZI2), the distance of two subspaces is the symmetric Haus-
dorff distance of the unit balls of the two subspaces, that is if W1, Wy are subspace of the
Banach space U, then
disty(W1,Ws) = sup inf |z —yllv+ sup inf |z—ylv
z€By, YEBw, y€Bw, z€Bw,

where By, and By, are the unit balls of Wy and Wy respectively.

it) The convergence of the linearized unstable manifold is a first step needed to prove the
convergence of the attractors. As it is mentioned in the introduction, this result will be
accomplished in [1].

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. € U?, € € (0, 1] let u. be the solution of
—AUE—FUe:fE, ZL’GQG,
Quc o, »eon,. (2.13)
on
and for (f,h) € Uy let (w,v) be the solution of
(—Aw+w=f x€f

ov
— = )
7 0, z€0

(2.14)

Then, we have that
(1) With p > N/2, there exists a constant C > 0, independent of € and of f. , such that

te|| () < Ol fellor

(2) Withp > N, if || fellur < 1, € € (0,1], there is a subsequence, denoted by € again and
(f,h) € US, such that if (w,v) are given by (Z-14) then the following holds

D) e = Bew, v)llm =0,

e—0

i) |te = Ee(w,v)||gg — 0,  forall1 < g < oo
i) [tue — wlora(x) 9 0, for all compact K C Q\ po, ;1

(3) With p > N, if we have ||fe — E(f, h)||yr 80 then we have i), 1) and i) for the
whole sequence
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The proof of this Proposition is written in Appendix [Al

3. THE PrOBLEMS (Z3) AND (Z24)

We will write both problems, (Z3]) and (24]) as abstract problems in the Banach spaces
UP and U respectively.

Since for fixed €, the space U? is equivalent to LP(€2.), the problem (E3) can be written
as an abstract equation of semilinear type of the form

Acu = F(u), (3.1)
where A, : D(A,) CUP — UP, 1 < p < 00, is the linear operator defined by
D(Ae) ={u e W*?(Q) : Au € U?, Ou/On =0 in 09, }
Au=—Au+u, ue DA
and the nonlinearity F, : U. — U, is the Nemitskii operator generated by f, that is

Fe(ue)(x) = f(uc(z)).

The operator A, is sectorial and the following estimate holds

_ C
| (Ac + A) ! ||£(LP(Q€)) < W, for A\ € 3, (3.3)
where Xy = {A € C: |arg(A —1)| <0}, 0 > 7 and C is a constant that does not depend
on €. This follows form the fact that the localization of the numerical range in the complex
plane can be done independently of ¢, see [37], page 215.

Define the limit linear operator, Ay : D(Ay) C U) — U} which is defined by

(3.2)

Ap(w,v) = < — Aw + w, —g (gvy), + v), (w,v) € D(Ap) (3.4)

with domain
D(Ap) = {(w,v) e Ul :w e DAY), (gv.)s € Lr(0,1),

v(0) = w(0), v(1) = w(1)}
where A% is the Laplace operator with homogeneous Neumann boundary conditions in
LP(Q2).
We have the following

(3.5)

Proposition 3.1. The operator Ay defined by [BA) has the following properties
(1) D(Ay) is dense in Uy,
(ii) If p > N/2 then Ay is a closed operator,
(iii) Ao has compact resolvent.

Proof: (i) Let (w,v) € LP(2) © LF(0,1). Let (wy,v,) € C5°(2) © C5°(0, 1) with (wy,v,) —
(w,v) in LP(Q) © LH(0,1), then (wy,v,) € D(Ap) and the result is proved.

(17) Let (wn, v,) € D(Ap) be such that (w,, v,) — (w,v) and Ag(w,, v,) — (¢, 1) in LP(2) &
LP(0,1). Since w, € D(AY) and Af is a closed operator in LP(Q), see [20], we have that
w € D(AY) and w,, — w in W*P(Q). In particular, —Aw, — —Aw and since p > N/2 we
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have W2P(Q) — C°(Q2), which implies that w,(0) — w(0) and w,(1) — w(1). On the other
1
hand v, — v and ¥, = —= (gv},)' +v, — ¢ in LP(0,1). Now
g
1 N
—5 )t =dn s€(0.1)
v,(0) = w,(0),  v,(1) = w,(1).

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

g a (3.6)

we have

It is easy to see that

B wy (1) —w,(0) [ 1
£.(5) = wn(0) + /11(wuég@d9 (37)
0 9(9)

and, since w,(0) — w(0), w,(1) — w(1l), it follows that &, — £, where & is the solution of
the following problem

1 N
——(g&) =0, se(0,1
g (&) 0.1 (3.8)
§(0) =w(0), &(1) =w(l).
Moreover, since the operator L(v) = —é(gv’ )" with homogeneous Dirichlet boundary con-

ditions at s = 0 and s = 1 is closed in L?(0,1), we have that z, — z in L}(0,1) where z
satisfies

—%(gz')/ —y—v, se(01)
2(0) = 2(1) = 0.

From which it follows that v, = z, + &, — 2z + £ = v, and v satisfies

—é (g0 +v=1, se(0,1)
v(0) = w(0), v(1) = w(l).

(3.9)

(111) Since D(Ag) C WP(Q) @ W,*(0,1) — LP() & LP(0,1) and since the embedding
W2P(Q)@W,»(0,1) — LP(Q)DLE(0, 1) is compact, it follows that A has compact resolvent.l
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Remark 3.2. Even though Proposition[Z 1l states several important properties of the operator
Ay, we would like to mention that Ay is not a sectorial operator. Its spectrum is all real and,
therefore, it is contained in a sector but the required resolvent estimate

C
A+ al

(Ao + )\I)_1||L(Ug) <

is not satisfied. To see this, we refer to [1.

4. ABSTRACT COMPACT CONVERGENCE RESULTS

In this section we develop 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 € 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 F, : Uy — U, with the property that

e—>0

— ||ul|g,,  for all u € U,. (4.1)

Example 4.1. Let Q. = QU R, be the dumbbell domain defined in Section[d and let U? and
UL be the spaces defined also in Section . Consider the extension operators E. : Uy — UP
as

w(x), x €N
E(w,v)(z) = { ((s) = (s,y) € R.
It is very easy to verify that || E(w,v)|lyr = ||(u,v)| gz
Definition 4.2. We say that a sequence {uc}eco,1) E—converges to u if ||uc — =%0.

We write this as u. £,

With this notion of convergence we introduce the notion of compactness
Definition 4.3. A sequence {u,}nen, 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 uc, , L, u. The family {ue}ec(o,1) is said pre-compact if for each sequence {u.,}, with
e, — 0, 1s pre-compact.
Definition 4.4. We say that a family of operators {B. € L(U,) : € € (0,1]} converges to
By € L(Uy), as € — 0, if Beu, -z, Bou whenever u, Fuc Uy. We write B, RN 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(Uy) if for any family {u.} with ||ue||y, = 1
e € (0,1], the family { Beu} is relatively compact and, moreover, B, L By. We denote this

)

cc
as B, — B,.
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Example 4.6. Let Q., Qq, UP, U} be the domains and the spaces of the dumbbell domain
of Example [{1], let A., Ao the operators defined in Section [d and consider the operators
B. € L(UP) defined by B. = A, that is, B.f. = u. where u, is the solution of

{ —Aue+u. = f., x €,

dus 0, 1 € 99,. (42)

and By € L(UY) be the operator defined by By = A", that is Bo(f,h) = (u,v) were (u,v) is
the solution of
(—Aw+w=f =z

v 0
o 0, z€0

1 / / _ S S
_W(g(s)v (s)) +v(s) = h(s), se(0,1)

s)
[ 0(0) =w(0), v(1)=w(l).

We will prove in Appendiz [A that if p > N, then A7 <, Agt. This is the fundamental
result that will give us the key to all the results of the paper. Also, notice that this is exactly
what Proposition [2.] states.

The following lemma is a key result.

Lemma 4.7. Assume that {B. € L(U)}ec(0,1) converges compactly to By as € — 0. Then,
i) [|Bellc@woy < C for some constant C, independent of e.
ii) Assume that N'(I + Bo) = {0} then, there exists an €y > 0 and M > 0 such that

(I + B) Hrwy < M, Ve € |0,¢). (4.4)

Proof: i) If the norms are not bounded, then we can choose a sequence of ¢, — 0 and
e, € U, with ||uc,||v., = 1 such that || B, u,| — 4o0o. But this is in contradiction with
the compact convergence of B, given in Definition

ii) Because B, is compact for every € € [0, 1], the estimate () is equivalent to say that

1
(I + Be)ue||lv. = U Ve € [0, €o] and Yu, € U, with |lu|| = 1.

Suppose that this is not true; that is, suppose that there is a sequence {u,}, with u, € U,,,
|lun]| = 1 and €, — 0 such that ||(I + B, )u,|| — 0. Since {B, u,} has a convergent
subsequence, which we again denote by {B., u,}, to u, ||u|| = 1, then u, + B, u, — 0 and
u, — —u. This implies that (I + B)u = 0 contradicting our hypothesis. |

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

A, is closed, has compact resolvent, 0 € p(A.), € € [0,1] and A! <, At (4.5)
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Lemma 4.8. Let A, be such that ([EX) hold. Then, for any X\ € p(Ayp), there is an €y > 0
such that A € p(A.) for all € € [0, €5] and there is a constant My > 0 such that

(A= A7 < My, Ve e [0,e]. (4.6)
Furthermore, (A — A.)™" converges compactly to (A — Ag)™" as € — 0.
Proof: From (EH) and since A € p(Ay) it is easy to see that

(A= Ag) ™" = —AgN (I = AAgH) ™

Since A-! <, Ag', applying Lemma EE71) and ii), we get that the operator —A;l(l —
M7 is well defined and bounded. Easy computations show that actually —AZ'(I —
M) = (A= A" Hence X € p(A.) and we obtain (EH).

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

Since A-! converges compactly to Ay' and since {(I —AA!) : 0 < € < €, } is bounded we
conclude that

o If ||uly. = 1 then (A — A)"'u, = —A7 w, with w, = (I — MAZ1) "ty which is
uniformly bounded in e. Hence (A — A.)'u, has an E-convergent subsequence.

o If u, = u then A-'u, - A5 u. Now, for any subsequence of {(A — A~ u.} there
is a subsequence (which we again denote by {(A — A.)"'u.}) and a y such that,
A= A) e = —(I =AY A, = 2 oy,
Therefore,
Ajtu e ATt = — (T = MYz 25 —(1 = A4 )y

This implies that y = (A — Ag)'u. In particular, y is 1ndependent of the sub-
sequence chosen. This implies that the whole sequence (A — A.)"lu. converges to

y = (A— Ag)~u. Thus, (A — A)~F 25 (A — A)!

From this we have the compact convergence of (A — A.)~! <, —= (A — Ap)~! and the result
is proved. [

Lemma 4.9. If X\ and 0 are chosen such that S5 := {u € C : |u— A = 0} satisfies
0(Ap) NS5 = 0 then, there exists es, > 0 such that o(Ac) NS5 =0 for all € < eg,.

Proof: Suppose not. Then, there are sequences ¢, — 0, A, € S5 (which we may assume
convergent to A) and u., € U, |lue,| = 1 such that u., — (A.,) " Au,, = 0 or equiva-
lently \,(Ac,) tue, = u.,. It follows from compact convergence that u,., has a convergent
subsequence to u € Uy, ||lul|y, = 1 and that Agu = Adu which contradicts our assumption. W

For an isolated point A € o(Ay) we associate its generalized eigenspace W (A, Ag) =
Q(A, Ag)Uy where

QA =5 [ (e1— a0

|E=Al=6
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and ¢ is chosen so small that there is no other point of o(Ay) in the disc {£ € C: [€—A| < 6}.
It follows from the previous Lemma that there is eg, such that p(A.) D Ss for all € < eg,.
We denote by W(\, A.) = Q(X, A.)U. where

1
QN Al) = —/ €1 — A)~tde.
AA) =g | e A)
Our next result says that the spectrum of A., for e small, approaches the spectrum of Ay.
We already know that the spectrum of A, or Ay consists of isolated eigenvalues only.

Theorem 4.10. Let A., Ay be such that ([EH) is satisfied. Then the following statements
hold.

(i) If o € o(Ay), there exists a sequence €, — 0 and A, € o(A,), n € N, such that
A, — Ap as N — 0.

(ii) If for some sequences €, — 0, A, € 0(A,, ), n € N, one has A\, — Ao as n — oo, then
)\0 € O'(A()).

(iii) There exists g > 0 such that dimW (X, A.) = dimW (Ao, Ag) for all 0 < € < €.

(iv) If u € W (Ao, Ao), there exists a sequence {uc}, ue € W(Ao, Ae), such that u, .

(v) Ifen, — 0, andu,, € W(A, Ac,), satisfies ||uy|v., =1 then, {u,} has an E—convergent
subsequence and any limit point of this sequence belongs to W (g, Ag).

Proof. (i) Let us take some \g € 0(Ap) and consider O(\g,d) = {A € C: |A—\g| <6} such
that O(\g, ) No(Ag) = {Ao}. To show that there is ¢y > 0 such that [[(A — A) 7| = O(1)
for € € [0, €] and X € dO(Ag, d) it is enough to prove that

11 = MAZH7 = 0(1), e € [0, 6], A€ JO(Xg,d).

If that is not the case there will be a sequence A, € 0O(Xg,d) (which we may assume

convergent to some A € dO(\g,d)), a sequence u, € U, , ||u,|| = 1, and a sequence €, — 0
such that

(7 = An(Ae,) ™ unl| = 0.

Since A € p(Ap), that is in contradiction with Lemma 7
Assume now that O(Xg,d) 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
17 = XA < max (1= AAZ) 7 = ¢ < oo
A—=Xg|=6

\
€€[0,e0]

Hence if ¢, — 0 and u,, — wu, it follows from Lemma EE7 that

1(AoAg" = Dully, = lim [[(AAL" = Dunll, > cllullv,,

for some ¢ > 0 and Ay € p(Ap). So any O(\g, d) contains some point of o(A.), for suitably
small e.

(77) Assume now that €, — 0, {\,}, Ay € o(A.,), is such that A\, — X and ||({ —
An(Ac,) ™ Dunll = 0, [lun|| = 1. Then

(T = AMA) Dualloe, = 1T = M(Ac) D — (A= M) (A) "y,

v, — 0
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Y, — vy and

as n — 00. Once |lu,|| = 1 we have, taking subsequences if necessary, (A, )~
U, — u, |[u|]| = 1. Therefore u — My u = 0, u # 0, which means \ € o(Ay).
(i7i) Since (A — A)~" <3 (A — Ag)~! for any A such that |A — Ag| = & and since
{IIA =47 : 0< e < eo}

is bounded, it follows from Dominated Convergence Theorem that Q.(Ao) 3 Q(Ao).

If vy, -, v is a basis for W (g, Ag) = Qo(No)Uo, it is easy to see that, for suitably small

67
{Qc(No)Eevy, -+, Qc(No) Ecvr }
is a linearly independent set in Q¢(Ag)Ue. Hence rank(Q.(Ao)) = rank(Q(\)).

We prove the converse inequality assuming that Q.(\g) — Q(Xo) compactly. If for some
sequence €, — 0, rank(Q., (o)) > rank(Q(\g)), it follows from Lemma IV.2.3 in Kato that,
for each n € N there is a u,, € W(Ao, Ae,)), ||ua|]| = 1, such that dist(u,, W (Ao, Ag)) = 1.
From the compact convergence we can assume that Q. (Ao)u, = u, — Qo(Ao)ug = ug, hence

1 < [Jun = Qo(Ao)tn|| = [|Qe, (Xo)un — Qo(Ao)unl| — 0
So we need to prove just compact convergence Q.(\g) — ((\g) and that follows from
the compact convergence of A-' — Aj', from the uniform boundedness of ||(CAZ' — 1)~
(I — Xo] =0 and € € [0, ¢]), given by Lemma 7, and from the formula

Q=g [yt At [ et -

21 ¢ 2 |¢—Xo|=6
(1v) This follows taking ue = Qc( o) Ecu.
(v) Follows from the compact convergence of Q). to @) proved in (7). [
Proposition 4.11. Let A., Ay be such that condition ([EX) is satisfied. Let K be a compact

subset of p(Ag). Then, there is a constant ex > 0 such that K C p(A.) for all € € [0, ex]
and

sup ||[(A— Ae)_1|| < 00. (4.7)
AEK
e€[0,ex]
Furthermore, for any u € Uy
sup [|(A — A) " Eoau — Eo(X — Ag) "ully. =2 0. (4.8)

AEK

Proof: Let us first prove that there is a ex > 0 such that K C p(A,) for all € € [0, ex].
Suppose that this is not the case then, there are sequences ¢, — 0, {\,} € 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 EZT0, part (ii), that A € o(Ay) which is a contradiction.
To prove (1), it is enough to prove that
sup ||(I —AAHT| < oo.

AEK
e€[0,ex]

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

I(7 = A ALH) | — oo
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Since A, A;! converges compactly to AAg" this is in contradiction with Lemma B2
It remains to prove (H). Once again, we prove it by contradiction. Assume that there
are sequences €, — 0, K 5 A\, — A € K and n > 0 such that

(A — Ae,) T B u— E. (A — Ag) "t
Using the resolvent identity we have
A=A )" Eou— (A=A " Eou=A= X))\ — A) TN — AL ) TTE u.
It follows from the () that

(A — Ae) ' Eeu— (A= A.) "B ully.,, — 0 as n — oo. (4.10)
Since, from Lemma L8
(A= A,) "B, u— E., (A= Ay) 'ully,, — 0asn— oo (4.11)
and, from the continuity properties of the resolvent operators,
(A — Ag)ru— (A — Ag) ully, — 0 as n — oo. (4.12)

Now, ([@10), [ETT) and ([IZ) are in contradiction with () and the result is proved. W

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

1 cc 1
€ ey Ye) ) € € 0- .
(D) holds and V. € L(U,, Ue), € € [0,1] such that A_'V, — A"V, (4.13)

Example 4.12. Assume we are in the setting of Examples[[.1] and[f-0 and let V. € L*>(Q.)
and Vo € L*(Q) @ L*(0, 1) be potentials satisfying that V. L, Vo. Then, we have

ATV ES A,

Note that A7V (u.) = A7 (V.ue). To prove this, notice that by the boundedness of the
potentials V. it is easy to see that if ue is a bounded sequence in UP, then Veu, is also a bounded
sequence in UP. By the compact convergence of A;l we get that Ae_l(VEue) 18 precompact.

. E . E _ E
Moreover if ue — ug in UP, then Viu, — Voug. And therefore AZ'Vou, — Ay Voug
. 1 EE ,_

since A7L == AT

We assume the following condition

0¢ o(Ag+ Vo) - (4.14)

It is clear that Ay + Vp has compact resolvent. Let A, = A. + V., 0 < e < 1. We can show
the following result,
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Proposition 4.13. Assume that conditions [ELI3)) and I are satisfied. Then, there is
an €9 > 0 such that 0 & o(Ac + Vo), [|(Ac + Vo) "z < M independent of € for 0 < € < €.
Moreover

(A + V)™ 55 (A + 1)L
In particular, the operators A, = A, + V., 0 < € < 1, satisfy condition (EX).
Proof: To prove the result note that
(Ac+ V)t = (T + A7V tA!

Since —AZ!V, converges compactly to —Ay 'V, and —A-! converges compactly to (—Ag)~},
the uniform boundedness follows from Lemma E7.

To prove that (A, + V,)™! <c, (Ag + V5)~! we note that, for each sequence u, € U, with
|uellv. < 1 we have

ve= (A + V) ue = (I + A7'V) A,
is a bounded sequence and that

Ve = —AE_IVEU6 + A;luﬁ.

Taking subsequences we may assume that {A-!'V.v.} and {A-'u.} are convergent and it
follows that {v.} has a convergent subsequence. In addition, if {u.} is convergent to u we
have that from the above that {v.} converges along subsequences to v which must satisfy

v=—Ay"Vov + Aytu.

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

Observing that, from LemmaBET3, A-! converges compactly to Ay and proceeding exactly
as in Lemma ELTT] we obtain the following result

Corollary 4.14. Under the conditions of Propostion [{.13, all the results of Theorem [{.10]
and Proposition [[.11], apply to the family of operators Ac = Ac+ V., 0 <e < 1.

Proof: Just observe that from Proposition the operators A, satisfy condition (EH). W

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 f. : U. — U, is a bounded and differentiable map for ¢ € [0,1]. Let & = {u} :
Al + fo(uf) =0}, e € [0,1].
We assume that

A, satisfies @H) and AZ'f.() <5 ASVF(). (5.2)
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Example 5.1. Let Q. be the dumbbell domain defined in Section [A and consider the setting
from Ezample [ and Example [[.0 Let f : R — R be a bounded function with bounded
derivatives up to second order. Let us show that if we denote by f.: UP — UP, p > N, the
Nemitskii map of f in UP, then (B2) is satisfied.

Suppose that UP 3 u, Liuce Ul. Then,
1£6(ue) = Eefg(u)llur = (16 (ue) — fE(Eeu)

The condition [&2) now follows from the compact convergence A7t <, Agt, from the fact
that £ is bounded uniformly for € € [0, 1] and from (B3).

Consider the following definition of the index. We refer to [33] and [40] for details.

Definition 5.2. Let U be a real Banach space, O C U and denote by K(2) the set of compact
maps from O into U. We say that a triple (I — F,O,u) is admissible if O C U is open and
bounded, F' € K(O) and u ¢ (I — F)(00). A function v which assigns an integer number
v(I — F,O,u) to each admissible triple (I — F, O, u) with the properties
(1) ~v(I,0,u) =1 forue O;
(2) y(I = F,0,u) = ~v(I — F,01,u) + v(I — F, O, u) whenever Oy and Oy are disjoint
open subsets of O such that u & (I — F)(O\(O, U Oy));
(3) y(I — H(t,-),0,u(t) is independent of t € [0,1] whenever H : [0,1] x O — U is
compact, u(-) : [0,1] — U is continuous and u(t) ¢ (I — H(t,-))(00) on [0,1];
is called a Leray-Schauder Degree.
Let F € K(O), u € O and g > 0. If, for all € € (0, €], (I — F, Be(u),u) is an admissible
triple and (I — F, Bc(u), u) is independent of € € (0, €], we say that this common value is
the index of u relatively to the map I — F and denote it by ind(u, [ — F).

vr < Llue = Eaullyy <5 0. (5.3)

Now we can show,

Theorem 5.3. If uf is an equilibrium point of (BE]) with € = 0 which satisfies 0 ¢ o(Ag +
fo(ug)) then, ug is an isolated equilibrium point with |ind(u, I + Ayt fi(ug))| = 1.

Proof: Note that u is a solution of (B) with € = 0 if and only if it is a fixed point
of the compact operator —Ay'fo(-) : Uy — Up. Also, 0 ¢ o(Ag + fi(ug)) if and only if
1 ¢ o(—Ay" f)(ub)). Tt follows that there is a constant 1 > 0 such that ||v+ Ay £ (ud)v ||, =
2n||vllu,. If we define wo(uf, v) = Ayt folul + v) — Ayt fo(ug) — Ayt fo(ul)v, then, by the
differentiability of f; we have that,

(5, 0) gy oo
ol

In particular, there is a » > 0 such that ||wo(ug,v)||v, < nl|v||v, for ||v|y, < 7. Then, for
|lug — ullv, < 7 we have

lu+ A fo(w)llw, = llu—ug — (Ag* folu) — Ag" folug) v, >

lu = ug + A" £ (ug) (w — ug) [l — lwo(ug, u — ug)llu, = nllu — w3,

Thus u} is an isolated equilibrium. The proof that [ind(uf, I + Ay* f5(ug))| = 1 follows as a
direct consequence of Theorem 21.6 in [33]. |
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Corollary 5.4. If ul is a hyperbolic solution of ([BJl) with € = 0 then, ug is an isolated
equilibrium and |ind(u}, I + Ayt fi(ug))| = 1.

Proposition 5.5. If all points in &y are isolated then, there is only a finite number of them.
If0 & o(Ao+ fi(uy)) for each uf € & then, & is a finite set with an odd number of elements.

Proof. First we observe that all solutions of (BEJl) with € = 0 satisfies
u+ Ayt folu) = 0. (5.4)

If we consider the ball of radius larger than ||Ay'|| K, with K = sup{||fo(u)||v, : v € Up},
then the operator — Ay f(-) maps the ball B(0, || Ay || K) C Uy into itself. By Schauder fixed
point Theorem (Theorem 21.6 in [B33]) v(I + Ay £(-), 0B(0, || Ay || K)) = 1 (v is the Degree
of Leray-Schauder) and there is at least one fixed point uf for —Ay'f(+) in B(0, || Ay || K);
that is,
ub + Ayt f(ug) =0 with u} € B(0, [|A;1||K).

Since the operator —Ag' fo(-) : Uy — Uy is compact we have that the set & = {u : Agu +
fo(u) = 0} is compact in Uy. Moreover, by Theorem any fixed point uf is isolated. If
the number of the fixed points is infinite, i.e. we have a sequence {u;}$°,, then the sequence
— At f(uf) = 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 Theorem 20.6 in [33]

d
L= (T + A (), 0B(0. |45 ) = D ind (uf, T+ 45" £())
i=1
and therefore the number d = 2k + 1 for some integer k > 0. |

Proposition 5.6. Assume that condition (B.2) is satisfied and that the problems ([Z1) have
solutions {u’}, € € [0,1]. Then, taking subsequences if necessary, there is a solution ug of
ET) with € =0 such that ||uf — Ecujlly, — 0 as € — 0.

Proof. If u’ is a solution of (i) we have that v = —A-!f.(u?). From the fact that
A1 f(+) : U. — U, is bounded uniformly for € € [0, 1] it follows that {u’} is bounded. From

(E2), we have that there is a subsequence, which we again denote by u, such that w} £, ug.
Again from (E2) we have that

ug + Ay f*(ug) =0,
which is equivalent to say that uf is a solution of (BJl with € = 0). |
Proposition 5.7. Assume that (B2) holds and that u is hyperbolic solution of (BJl) with
e = 0. Then there are ey and 6 > 0 such that for 0 < € < €q the equations (BI) have at least
one solution u’ in {we : [|w. — Eulllu. < d}. Furthermore, ||uf — Eud|ly. — 0 as e — 0.

Proof: As in Corollary B4l there is a ball B(uf, d) such that there are no other fixed points
in it except uj and we get |ind(ug, [ + Ay ' fo(+))| = 1. It is easy to see that the hypotheses of
Theorem 3 in [40)] are satisfied and therefore there is at least one fixed point u* in any ball
B(E.ug,0), € < €, for some ¢y > 0. This sequence {u}} is E-convergent to uj. |

The last two results, Proposition and Proposition B show the continuity of the set
of equilibria in the following sense: if u} is a sequence of equilibria of (EI]) then we can
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get a subsequence such that u} Z, ug, which is an equilibrium of the limit equations and
viceversa, if ujy 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 u} N up.

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(u?,v) = A7 fe(ul +v) = A7 fe(w?) = AT f(ud
Consider the following hypothesis

Hypothesis (22) holds, and if u} are equilibrium solutions with w} , ug then,
we(u, : , 5.5
AT fU(u) R Ayt fi(ug) and % = o(1) as ||v||y. — 0, uniformly in € (5:5)
V||U.
[we(ug, v) v,

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

Ue
there exists a § > 0 such that ||w.(u’,v)]|
We can show now the following

Theorem 5.8. Assume (D) holds and let uf be a solution of (BJl) with € = 0 which satisfies
0 ¢ o(Ao+ fo(uy)). Then, there is a § > 0 such that (BJl) has a unique solution u} such
that ||uf — Eeud|ly. < 6.

If, for all solutions ujy of ([BJl) with ¢ = 0, 0 ¢ o(Ag + fi(uy)) then, from Proposition
23, (&) with € = 0 has a finite number ng of solutions uj,--- ,uy . In this case, there is

an €y such that (1)) has exactly ng solutions, ul,--- ,u

If, moreover, uj is a hyperbolic equilibrium point then u’ is also hyperbolic and we can
apply Corollary [[.I4. In particular, the linear unstable manifold of u? E-converges to the
linear unstable manifold of .

v. < pl|v]|o, for all v € U, with ||v||y. < 9.

E
for all e < eg and u}; — u;,

k
€,n0’

Proof: Note that u is a solution of (&) if and only if it is a fixed point of the compact opera-
tor —AZ'f(+) : Uc — U.. Also, from LemmaET], there is an ¢y > 0 and 7 > 0 (independent of
e € [0, eo]) stuch that, for any € < eg, 0 ¢ oA+ f(u?)) and || (I+ A7 L f/(u)) e, > 2o
If we write

A;lf(u: +ve) — A;lf(u:) - Ae_lf,(u:)ve = we(u:a Ve),

Ue-

. b—a
Jrwtuc, vlloe oy, 173
e

€

with C independent of €. Hence, there is a § > 0 (independent of €) such that ||w,(u?, v)|
nl|vel|v. for ||vel|v, < 26. Then, for ||uf — ue||ly, < 26

lue + A7 fe(ud)llv, = llue —ug + AT () (ug — ue)

Thus u? is the only solution of (BII) in Bys(u}). This together with the fact that u, N ug
implies the result. |

U <

*

Ue 2 77||U5 - ue”

v = l[we(ud, ue = ug)]
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Example 5.9. Assume we are exactly in the same conditions of Example [l Let us show

that hypotheses [ also holds. Notice that if u* £, ug, and if we define Ve = f'(uf), Vo =
f'(ug), we have that since f" is a bounded function that V. € L>®(Q), Vo € L>®(Q)®L>*(0,1).

Moreover, V, L, Vo. Applying the results in Example 113, we get
AN (up) 5 AT (up)

Let us prove now that, for each € € |0, 1], we get

o (fElue+v) = fé(ue) = (f9) (uev)

for any N < q < p, where C is a constant independent of €. To prove (EH) we note first
that, as it will be proved in Section[Al, LemmalAT1, we have that for each N < q there exists
a constant C, independent of €, such that

IAZ | e o) < C (5.7)

By interpolation, it is not difficult to see that if N < q < p we also have ||AZ|| ey < C
Hence, if N < q < p, we have

[AZH(fE (e + 0) = fE(ue) = () (ue)v) oz
Cl[f (ue(z) + 0(z)v(z
Cllf (ue(z) + 0(z)v(z)
where %+% = %. Note that

|we(ue, v)

velU? (5.6)

< Ol f (ue +v) = frue) = f'(ue)vlls
)) = ['(uc(x))]o(x)
) = f'(ue(x))

(5.8)

<
<

(@)

1f (ue() + 0(x)o(x)) — /(@) o) < C
1f (ue() + B()o(x)) — F(we@)lr < Cllv]lur
and by interpolation
1/ (o) + 0o (@) — F (@) oy < CllollEy < Cllollp

which implies (Z0).
6. PROOF OF THE MAIN RESULTS: THEOREM [2Z3] AND THEOREM

In this section we will assume that Proposition B is proved and will provide a demostra-
tion of Theorem and Theorem EZO. The proof of Proposition X7 will be obtained in
Appendix A.

Proof of Theorem 3k Under the conditions of the nonlinearity from Section P and with
the aid of the maximum principle, we easily get that the set of equilibrium points &, is
bounded in L*(f2.) with a bound independent of e. Similarly, the set of equilibria of the
limit problem is also uniformly bounded.

Notice that, if p > N, with the definitions of UP and U} from Section B and Example
EET, we have from Proposition B0 the compact convergence of A-' to Ay'. In particular,
(E3) holds true. Moreover, as it is shown in Example Bl condition (B2) is also satisfied.
Applying now Proposition B8, we show (7).
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If we denote now by f* = f(u’) € U? and f§ = f(ui) € Uy, by (1) and by the continuity
of the nonlinearity f, we have that || f* — E.f;|lp» — 0 as € — 0. Applying Proposition 27,
point (3) i), ii) and iii) and taking into account that u* = AZ'f*, ul = Ay'f, we prove i)
of Theorem

To show ii), observe that by Example B0 we have that hypothesis (E23) holds true. In
particular, we can apply Theorem B8 which proves ii). This concludes the proof of the
theorem. |

Proof of Theorem 25 If we are in the conditions of Theorem and we have a sequence
of equilibria u which E-converges to uj = (wy, vg) satistfying (27) and (Z8), we have that
if we define V. = f'(u) + M and Vy = f'(u;) + M, for some positive M large enough so
that f'(ug) + M > 0, then, as it is shown in Example BT, (EET3) holds. Moreover, since
f(uf) + M > 0, we have that (E2Id)) also holds.

Hence, we can apply Proposition which in particular implies that the spectral con-
vergence result given by Theorem EIT hold true for the operators A, + f'(u’) + M and
Ao + f'(u§) + 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 ELIO hold true for the operators
Ao+ f'(uf) and Ao+ f'(ug). In particular, we obtain the convergence of the eigenvalues and
the convergence of the spectral projections in UP. To show the convergence in the H! norm
we proceed similarly as in Theorem |

APPENDIX A. RESOLVENT CONVERGENCE

In this Appendix we will show Proposition 27, which is the main result on the convergence
of the resolvent operators.

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

A.1. The Projection. In this subsection we present the basic projection operator that we
will use.
Let ¢, € UP where UP = LP(S),) with the norm
1=N
[@ellv. = 1@ell o) + €7 [ @ellLo(re),
for € > 0 and U§ = LP(Q) © LP(0, 1) with the norm

[(w, v)lvg = llwllLe@) + [0l z0,1)-
where [[ull g, = (i [w(s)Pg(s)ds) 7
To compare functions from UP and from Uf, we define the following projection operator
M.: U — Uy

b o (M) = {¢e(x), reQ (A.1)

T, s€(0,1),
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where
1
Tepe(x) = T FSiﬁ(s,y)dy (A2)
s = {y:(s,y) € RJ}.

The following result holds

Lemma A.1. The projection M, is a bounded operator with norm ||M|pw,vry = 1.

Proof: If ¢, € U, then, if x = (s,y) with s € R and y € RV -1,

ot = ([1otaris)’ + ([ somaors)
%+</019(8) 1

5|1"

) 1

o) 2y
- ( / e+ ([ e

ore)

N
ds)

1 .
LN ( [tz |¢E<s,y>|pdyds)
0 Is

- ( / we(xwdx)p F ( / |<z>e<s,y>|f”dyds)” _
Q 0 JrIs

The equality holds if ¢, is independent of y in R,. |

5 Pe(s,y)dy

be(s,y)dy

e

N
VRS
S—

?

=

<Y

S

A.2. The Extension. Let ¢ € U}, to consider ¢ as a function in U?, we define the following
extension operator

@), @ (A.3)
Y — (EY)(r) = {¢(5>> (s,y) € R..

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. : Uy — U? is a bounded linear operator and

HEE(’UJﬂ)) P = H(w7U)HU57

for all (w,v) € UY.
Lemma A.3. There is a positive constant C such that, for 1. € H'(Q.) we have that
[elZery = e = BEMbellizr,) + 1B-Mcbe| T2, (A.4)

e
|EMpe = ellizmy < CE| 5 12:5,)- (A.5)
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Proof: Note that
lelZom, = / o2z = / (6o — EM) + EMb2de
Re Re

= |"7D5 - EsMeweF + 2 / (we - EEME¢E) EsMewe + / |E6Mewe|2'
Re

€ €

On the other hand

/RE (e — E.M.) EeMewﬁz/Ol / (b — EM) B M sy

-/ M) {/ [e) ~ EMa o)y bas—o

And the identity ([A4]) follows. Observe that

1
||E5Mﬁw6 - weH%?(Re) = /R |(EEM6'¢6 - %) (ZL’)|2 dx = /0 s |(EEM6'¢6 - ¢e) ($)|2 ds dy

Hence, let us estimate [, [(Mc1pe — 1) (2)|? dy. In fact, from the variational characterization
of eigenvalues for the Neumann Laplacian in I'{, we have that

Joe IV
Ao(T¥) = min { ————: HY(I® 0 =0,. A6
2( 5) mln{ frg ¢‘2 ¢€ ( e)7¢7é 7L2¢ ( )
Taking ¢ = M), — 1), we have
2 1 a”vbs ?
Mot = S /p 5y (A7)

From (A0), it follows that

s . . fl"g|v¢‘2 . 1/71s -
>\2(F6> = mm{m.¢€H(Fe),¢7ﬁ0, /F;é—(]

1 . fl"f V(b 7 1/s 7 7 1 s
= —ymn ﬁiﬁbEH(n)a ¢ #0, ¢=0 :—2>\2(F1)7 (A.8)
€ f Qb rs €
I
where A\o(I'§) is the second eigenvalue of the Neumann Laplacian in I'j. Using ([A.§) and
(A7), we have that
0. Y.

62
Mo, — e < /
/Fg | | Aa(T9) s dy dy

where we used the fact that the map [0, 1] 3 s — A2(I'§) € (0, 00) is continuous and therefore
attains its minimum at a positive value; that is,

m = Omigl A (T5) =X (T7) >0, z€l0,1],

N

2
< Oé

2

: (A.9)

e
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1 S 1

m = A(I§)
[(A3). ]

Now, integrating from 0 to 1 we have the inequality

from which we have C :=

A.3. Continuous Extension. Observe that the operator F. does not takes continuous
functions into continuous functions. When such property is required we consider the following

extension operator. If C = {(w,v) € C(Q)®C(0,1) with w(0) = v(0) and w(1) = v(1)} then

. Jw, z€Q (A.10)
(w,v) — E&(w,v) {@7 e
where
0(x) = v(s) + he(s) (w(0,y) —v(0)) + he(l — ) (w(l,y) —v(l)), = € R, (A.11)

hs(s) = h(3), h : R* — [0,1] is C'*° function such that

hs) = {1 fors € 0.1/4)
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 E¢ be the extension operators defined above. If (w,v) € C with
(w,v) € CY(Q) & C'([0,1]) we have that

N+2
(B — Eg)(w,0)l 20 < CF Jw]lonay (A.12)
[(E. — E5)(w,v) | @yor(ny < C™” r|w|101 : (A.13)

’HE(GZ(wvv)H%?(Re)_”EE(wvv)H%?(Re < C" Hwllesayllvlleogo (A.14)

‘HVEé(w?U)H%Q(Re)_||VEE(w7U>H%2(R€ < CMlwllov@llvlleroy.  (A15)

Proof: Let C 5 (w,v) € CYQ) & ( 1) then, since ||(E. — E¢&)(w, U)HLQ(Q = ||(E.
E&)(w,v)|)74 o)+ [[(Ee— E¢)(w, O F2my = I(Ee— Ec)(w,v)HLz(Rs),We onlyneedto estimate
I(E —Eé)(w U)lle (Ro)"
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BB ey = [ [ (o) w(0.9) = o)) dyds
w [ = s = o) dys
:/OE [ h(5)” o(0.9) = w(0,0) dyds (A.16)

e [ = ) — (o) dyds

// \y\ sup ‘) dyd5+C’1/ / |y| sup )dyds

s yel's ay s yel's &y

<a¢: ([ [ wPayas + / s ) 2, < Ol
o Jre 1- Jrs

where we have used the fact that v(0) = w(0,0) and v(1) = w(1,0) and that |T'¥| < Ce¥ 71,

This shows (AT2).
To show ([A-I3), it is enough to estimate || V(E.—E¢)(w, v)|| 12(r.). Since hl(s) = e 'h'(s/e)

and with a similar argument we have

IV (B = w0y = [ WP [ fu(0.5) = o0 dyds
o [ [ 190, s
o[ Y P
1—e I's
1
[ =9 [ 19w dyds
1—e I's

<Cle—2/0 1ol s Hw||2cl(m+é'1/0 /F dyds ]2,

1 1
+Cl€_2/ . |y|2 dyds HwHél(ﬁ) —+ C1/1 / dde kuél(ﬁ)
1—e S —€ ¢

<20 w2 + 26 N fwlZagy < CeVlwlag,

where we have also used that [ [.., dsdy = O(eV).
The proof of the last two inequalities follows from the previous in the following way

||Eé(wv U)H%?(Re) = ”Eec(w?U) - Ee(wv U) + Ee(wv U)H%?(Re) = ”Eé’(wv U) - EE(UJ?U)H%Q(RJ
1Ee(w, 0)|[Z2(r,) + 2(Ee(w, v) = Ec(w, v), Ee(w, v)) r2(r,) (A17)
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and
IVE:(w, 0)llZ2my = IVEE(w,v) = VE(w,0)|[2(r,) + [VE(w,v) |22,
+ 2(VE¢(w,v) = VE(w,v), VE(w,v))2(r.) (A.18)

But, taking into account that E&(w,v) = E(w,v) apart from the set R, = {(s,y) € Rc : 0 <
s < €1 —¢€< s <1} which has measure of the order of €V, then

|(Ee(w,v) = Be(w, v), B(w, v)) r2(ro)| < 1B (w,v) — Ee(w, v)|2(r,)

E(w,v)| 125,

N+2
< O wlle@e? lleoa) < CE lwllorllvlleon

and with a similar argument

. OE&(w,v) OFE.(w,v) OFE (w,v)
(VE(w,v) = VE(w,v), VE(w, ) 2(r,)| < || Cé)s B 22 (R.) THB(&)
< CeMlwllen@llvlloron
which proves the lemma. |

A.4. Some Auxiliary Lemmas. Denote by py = (0,0), p; = (1,0), 0 € RN and p a
generic point in RN. B(p, p) is the ball of radius p around p. Consider the following:

Bl(p) = B(p,))\ B(p,p), for p<lI,

‘DL = B(po, p) N 9, for 0 < p <1,
Dpﬁ = B(p1,p) N, for 0 < p <,
Sy =QnBl(p), S}=QnB.(p),
O =0 \ B(po,1), QF =0\ B(p.,),
I ={(s,y): |s]>+yl>=p, s <0},

Fl ={(s9): [s=1P+ [y =p, s> 1}

(0, V) 120y = Job -y (0,0)12r,) sz

For a function v, defined in €}, we write

~ 1 ~ 1
Toy, — - / G Tl = — / .
8 9] Jro g L] Jes

With this we have the following result.

(A.19)

Lemma A.5. Letr > 1, T°, T} as in (B3), T
is a constant C' = C’( ) such that

TY as above and . € H'(Q). Then, there

ET’7

T€0¢6 ¢€ < (N) 6(_N+2)/2
TQ% we < (N)E(_N+2)/2

(A.20)
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Proof: We only prove the inequality for [T, — IAEOT@DEL The other is similar. Observe that
eDL = DL e el =10 If we € HY(Q), we define ¢ (z,y) = ¢ (ex, ey) para (z,y) € DE and
also ac = 1pr; fDeLr Ve = 1pr Jog Ve Thus,

1

E_TO € = T&nr
‘CL ew‘ |F8|

/ (e we<o,y>>dy\ -

1 _
i [ o= B0,y

1 — —
< o [ Joe= 5 < Clla = B0, ey
1

< Cllac =Yl or) = Cllac = ¥cllr2oz) + ClIVEl 2 (or)-
Now, the Poincaré inequality [lac — ¢l z2(pry < C||V,||r2(pr), implies that |a. — T2 | <
ClIVY |l r2pry. Since ||V |2, 2(pL) = E_N+2||V1/}€H 2(pr,y We conclude that |a, — TP9 ] <
NNVl 2, -
Following the same reasoning as above we obtain |a, — 700, < eNt2/2|| V| r2(pLy and

therefore

T — TO%.| < |T2%. — ac| + |a. — T, | .

- i0¢5
of the lemma. [ |

Lemma A.6. There is a constant C = C(N) such that, if 1. € H'(Q) then,

co ) 0V o C@ e, for N =2
0 0 1 1 )

Proof: We prove the lemma for N > 2. For the case N = 2, we refer to [4]. For i =0,1,

consider the operators T ;@DE as above, 0 < p < r
We have that,

IVEelia = VYl + IVUl? o = IV, + IV, + IV, + 1Vl
But,

Hence, using |7, — a. in the previous inequality, we conclude the proof

IVed?, = min{IVxd?, © Tx = 0w, Toxe = o}
~ ~ 2 ~
= (Tg“,gbf - T7“0¢5> mln{HV)zEHzL : TTOXE = 0 TerXe - ]-}

= (T0— %) C(N) (1 + (1))
where we have used that the minimum is attained when Y. is the solution of
{:Axe =0, S&
IPXe=0, Tox =1,
N-2

. s = Ui
and mm{HVXn; T =0, T)x = 1} = C’(N)il .
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From Lemma [AZ5], we have that
N 2
2 N=2 (70 0
IVeelds, > CN)EN (T00 = Thuc)
Therefore

IV, + 199y > C<N>[(T£we—fgwe)2+ (i%we—TSwﬂ N1+ o(1))

1 70,/ _ 0 > N-2
> 5 O (TPw =T ) (14 0(1))

With a similar reasoning we obtain an estimate for ||V¢E||i » H V|7 This concludes

T

the proof. ]
Lemma A.7. There is a constant C = C(N) such that, if 1. € H(Q) then,
C(2) [ Ine|Y2||9)e]| for N =2
0 1 < ellH (Q)’
‘Te ¢e + ‘Te IDE X { CE(2_N)/2||77Z)5||H1(Q), for N > 2. (A.22)
Proof: The proof of this lemma follows from the previous and from the fact that ﬁo Ye| +
T < CllYel (o) ]

A.5. Proof of Proposition 2.7 In this Section we will provide a proof of Proposition .11
We need to prove first some preliminary results.
Let f. € UP and define the functions u. € H'(,), w. € H'(Q) and v. € H'(0,1) as the
solutions of the following linear elliptic problems:

—Auc+u. = f, inf)
A.23
{ % =0, in 0, ( )
-Aw.+w, =f, in€ (A.24)
Gue =0, indQ '
_é(g(vé)s% TV = Mﬁfev in (07 1) (A 25)
ve(0) =w(0), wv(1)=w(1). ‘

We have the following fundamental result

Proposition A.8. Let p > N. There exists a constant C > 0 such that for any f. € UP
with || fe|lpr < 1, we have

Cé*|lne|, for N =2
2 2
Hue - weHHl(Q) + ||ue - UEHHl(Re) < (A26)
CeV, for N > 2

Proof: Notice first that since || fe||y» < 1, we have that || fc|[zr@) < 1, which implies that,
since p > N, we € W2P(Q) — C*(Q) and [|w||¢1(n) < C with some constant C' independent
of e. With a similar regularity argument, we can easily show that v, € C'([0,1]) and
|vellcro,1) < C, with C' independent of e.
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The solutions of the three problems (A23)), [A24)),[A-25)) can be obtained by a minimiza-
tion procedure. That is, if we define

_ min L1 2 6\ —
Ae = ¢€I;Illl&){2/m(lv¢l + ¢7)dx /Q fgcbdx}
m L 2 L $\do —
e ¢€Igllr(1m{2/9(lv¢l +¢%)dx /Qfgcbdx}

1 1 1
. = min {— / g6 + g6 — / 96 b€ H'(0,1), (0) = we(po), d(1) = we<p1>} ,
2 0 0

then A, p. and 7, are attained in u., w,, v, respectively, and only there.

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

If we take the function ¢.(z) = E&(we, ve), and denote by . the component of ¢, in R,
we obtain that

1
>\e < _/ (|v§06‘2 + ¢?) dr — / fEQOEdZZ}'
Qe Qe

2

= 1/ (IVwe|? + w?) dx—/fewgdx+%/ (Vo> +02) do — | febeda
Q [¢) .

2 Re

= Iuﬁ—|——
2 € RE

It follows from Lemma [A4] (AT4) and (ATH)

1 N - 1
5/ (|VUE‘2+’U€2) dr < 5/ (‘V’UEP+U62>dl’—|—CENHU)EHCVl(Q)H’UEHCI(Q)

1/ (Vo> +02) dv — | fevedz.

2

where we have used that ||we||c1(q) and ||ve||c1(0,1) are uniformly bounded. Moreover,

1 1
< eN—l—/ (g()[ol? + gls)0?) ds + Ce
0

fevedx = M (f)vedzr + M (fo)(De — ve)dx

Re Re Re
1
= Nt / g(s)Mc(f)veds + | Mc(fe)(0e — ve)d,
0 Re
But,

| [ Mc(f) (0 —vo)dx| < | Mefell 2z,

Re

and by Holder,

_ Ni2
Ve = Vell g2y < Cllfell 2y llwellera

~ 1 _1 _N-1 N-1 _ _
Rlz™v <€ v ||fellpgpoe (V)

N
2

(SIS
3=
Sl

< Ce

[fell oy < I ell oo
This implies

| ~ Me(fg)(fie — 'Ue)dl'| < OEN-H_%
Re
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In particular, we obtain the following upper bounds for A,
A < pte + N+ CEN. (A.27)

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

)\6:1/ ([Vue|* + u?) dx—/ foucdz
2 Ja. Q.

= 1/ (|Vuel® + u?) do — / feucdr + %/ (IVuc> +u?)de — [ feuedz.
Q Q .

2 Re

(A.28)

But

1 / (|Vue|2 + uf dx — / feuedz = % / (|Vue — Vwe + Ve + (ue — we + we)?) dz
0

2
/f ¢ — We + we)dz

1
— 2/ (|Vwe? + w?) dz — / fowedx + = 5 / (|Vu6 — Vw|* + (ue — w5)2>dx

+/Q(u€_we)wﬁ+/g(Vue—Vwﬁ) Vwe—/ﬂfe(ue—we)

1 1
— _/ (|Vwe? + w?) dz — / fewedzr + 3 / (|Vue = Vwe? + (ue — we)?) do
Q 0 0

2
(A.29)
where in the last equality we have used the integration by parts of [, (Vu, — Vw,) Vw, and
the fact that w, is the solution of the elliptic problem ([AZ24) in 2, that is

/Q (Vue — Vw,) Vw, = /m (ue — we) % — /Q (ue — we) Aw,

— [ wy - ).

Also we have

1

1
5/ (|Vuel® +u?) de — / fouedr = 5/ (|Vue = Ve + Vo + (ue — ve + ve)?) da
R. R :

fevedx - fe(ue - Ue)
Rs

R

1
/(Wm—vwﬁum-m%+§/qvmhw9

€

+ / (Vue — Vo) Vo, +/ (Ue — V)V,
fe'Ued'I - fe(us - 'Ue)~
Re

N | —

R,
(A.30)
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But

Oou,  Ov.. Ov,

/e(qu — Vv Ve = /R( ds  Os ) Js
Ou, _ 8M6u6)8v€ +/ (8Mﬁue _ 81}6)8116

g, Os Os ~ 0s R Os 0s’ Os

First we analyze I;. Observe first that with the change of variables y = eL,(z), (see (1)
and (Z2) for the definition of L and L), we get

1 1
it [ el = / (5,10 ) . (2)
el Jrs B(0,1) 1

(A.31)

=1 + I,

This implies that

dM_u. d / Jr.(2) / Ou, Jr.(2)
§) = — Us(s,eLs(2 dz = —(s,eLq(2 “———dz
FlORE ) BERACE 2C) o B L) T

n /B (071)Vyu€(5,€L()) —(Li(2)) ‘f;s‘

=K+ Ky + K3
Undoing the change of variables in K, we get
1 Ou,
Kl EN 1 rs a (S y)dy

OLs (z

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

K| < Ce / Vs, eLa ()i (2)dz < O [ 195,y
B(0,1) IT5] Jrs
Now,
K, :/ un(s,eLo(2)) QI oy g
B(0,1) Js
[ ulseno) - (o) (s) LI/ g
B(0,1) Js
+ (M) (s)) / O /1) (g,
B(0,1) Js
But,
o(Jr, /T3] /
s/ 1711 =0
/B(o,l) s (2)dz ds ‘F | B(0,1)

because [p, ) Jr.(2)dz = |T{].
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Similarly undoing the change of variables and using that ‘% < C we have
1
|K3| < C—s |ue(s,y) — Meuc(s)|dy
|Fa| Is

Putting all the estimates together, we get

dM_ u, Ou,
| ds (5) = Me( O0s

Now,

1
)] <C|F8|( | [uelsy) — Meuc(s)|dy + e F\Ivyua(&yﬂdy)

|L] < Cellvlll 2oyl VyuellL2r) + Cllvl 2oy lue — Meue||2(x.)
But by Poincare inequality,

||UE - MauaHLQ(RE) < CEHVyugHLQ(RE)

which implies that
L] < Cellvill ez | Vyuell 2r,)
But we obviously have uniform estimates of ||v.||y1(0,1). Hence, we have that

N+1

1
L] < Ce 2 |[Vyue]| < O™ + 2]V La(n)
and observe that ||V, uc||72z.) < [[Vue = V|72 (5., Which implies

1
L] < CeNFt 2| Vie = Ve Fan).

On the other hand, observe that

Iy = N / (M) — v))g(s)]
= [ 0= o) (o600l + (Mo = ) (5)e)
— N1 /0 (Moue — v)[g(s)ve — g(8)Mcf] + €N (Moae — ve)(g(s)v)]

_ / (e — ve)ue + / (e — v) f+ /R (Mot — u)fo + V(Mo — ) (g(s))
) ) ) (A.32)

From which we obtain

/(\VUE|2+uf)daz—/ feued:c:/ (\Vv€\2+v€2)dx—/f€ved:c
Re R Q

€

+ /R (| Ve — Vo> 4 (e — v)H)dx + k() +n(e) + 11,
’ (A.33)
where x(€) = [ (Mcue — u) fe and n(e) = eV (Meue — ve)(g(s)v))]o-
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From (AX) (Lemma [AJ]), we obtain that

|K(e)] <

< ||ue - MeuEHL2(Re) fEHLQ(Rf)

| (=M

€

N—1 1-N
< Ce 2 [Jue — Meue||r2(r.) <€T ||fe||L2(Re)>
(A.34)
N+1

N1 1
< Ce 2 [[Vyullp2r,) < CeNtt 4 ZHV?JUH%Z(RE)
1
<O+ 11 Vu = Vo fam,

where we have used that ¢ 7 I fellL2(ry) < Ce v | fellzrroy < C.
We estimate now 7(e). For this, note first that v.(0) = w.(0,0) and v.(1) = w(1,0). In
particular,

1 C
| T? (we — ve)| = W' Fo(we(O,y) — we(0,0))dy| < ] /FO yldy [[weller(a) < Cellwellor @)
and similarly, we obtain

T (we — ve) < Cellweller )

Hence,

n(e)] < CeM (T Hue) — ve(L)] + |T2(ue) = ve(0)D[vell o,
< CM (T (ue — wo) | + [T (we) = ve(D)] + T2 (ue — we)| + T (we) = ve(0)D|veller o,

< CN T H(ue — we)| + T2 (ue — we)|)[|veller o,y + CeNN|vellor o 1 wellor )

But using the fact that |[vc|lc1(o,), |wellor @y < C and applying Lemma [AT7 with ¢, =
Ue — We, We get

n(e)] < C(N)e" |12 (ue — ve)| + [T} (ue — ve)] + Ce¥

< C(@N(e))1/2||u5 — w€||H1(Q) + CeN

where
e|Ine|, for N =2
On(e) =
eV, for N > 2.
and therefore
1

where we have used that Oy(e) > V.
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Putting together all the estimates, we obtain

/ (|Vue* + u?)dr — | fouedx 2/ (|Vve]* + v?)dw — / fevedz
c 0

. Rél ) (A.35)
e el — Sl wlis ey — OV O ).
Thus,
_ 1 1
Ae = pe + €V + §||“e - wé”?ﬂ(ﬂ) + §||“e - Ue||§11(R€) — COn(e).
Since we have obtained that A\, < . + eV 717, + Ce?, and € < Op(e), then
[ue = well7 0y + llte = vellFragr.) < CON(e).

This completes the proof of the proposition. |

Lemma A.9. Let {f.} be a sequence such that f. € UP and || f||yr < 1. Then, there are
functions f € LP(Q) and h € LF(0,1) such that

/waE x—>/fwdx

. fevedx —>/0 g(s)h(s)v(s)ds

and
1

eN-1

ﬂ e—0
whenever [[we — w|| ) +€ 7 ||ve — vl (g, — 0.

Proof: Note that || f.

v. < 1 means

/ (fu()) [y <1

It follows that, there exists f € LP(2) such that f6 — f weakly in LP(2). Hence

/ faw.dr — / fwdx
whenever [|we. — w||rr) — 0.

Also note that, writing z = (s,y) with s € R, y € RV~ and e§ = y, we have that

L / (fu(@)Pdz < /R (Fu(s.9))Pdsdj < 1

where f.(s, ) = fe(s,€). So, there exists he LP(Ry) such that fo — h weakly in LP(R;).
Let us show that A is independent of y. Note that, if ¢ € C’O (Ry) then,

€

fE(s 7) gib (s,7)dsdy = (s y (s,y)dsdy <9%0.
R
If follows that, for all ¢ € C°(Ry)
8¢ dzr = 0.

8yz
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Hence, h(s,y) = g(s)h(s) for some h € L2(0,1). Furthermore, if E%HUE — 0||rry — 0
then,
1

N-1
€ R.

fs(I)UE(l’)dx—>/0 g(s)h(s)v(s)ds.

|
Now we show the following result,

Proposition A.10. Let p > N and consider a sequence f. € UP with || f||yr < 1. Let
(f,h) € LP(Q2) x LE(0,1) such that fo — (f,h) weakly in the sense of Lemma A Then

1
||’LL6 — ’UJHHl(Q) + m”ﬂe — UHHl(Re) — 0 (A36)

where u., w and v are the solutions of the following problems,

—Auc+u. = fo, in € —Aw+w =f, in
A.37
{ Que =0, in 0, { v =0, indQ (4.37)
~Lgv)s+v  =h, in(0,1) (A.39)
v(0) =w(0), v(l)=w(1).

Proof: If w, and v, are given by ((A24]) and ([A25) respectively, and taking into account
that p > N and f. — f weakly in LP(Q2) we easily obtain that |[w. — w| 1) — 0, which
also implies that ||we — w| 1) — 0. From Lemma we get that

Moreover, since w, — w in C°(Q) and M,f. — h weakly in Lr(0,1) it is very simple to
see that we have
||UE — UHHl(O,l) — O

which implies that

1
6N—_1||Us - U||?{1(R€) — 0

Hence, with this last statement and using Lemma we get

1 1

m”ue — 0l ry < m(“ue = Vel rey + [Jve = vl ) — 0

which proves the result. |
We obtain now a result on uniform L*(€).) bounds for the family of solutions {u,}ccp 1
of the problem ([A23). This result will show part i) of Proposition I

Lemma A.11. There exists a constant C independent of € such that for all f. € UP with
p>N/2 and || fe|lpr < 1 if ue is the solution of (AZ3) then

[tell o) < C (A.39)
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Proof: Let us define the functions u! and u? as the solutions of the following problems

in O,
oul Jelre W (A.40)
5 =0, in 0,
and
—Au? +u? = f, in
pope ¥ e = Jelgy 0 (A1)
5 =0, in 00

We proceed in several steps. B
Step 1. Let us show that for each compact set K C Q\{0,1} there is a constant C
independent of € such that

el ey < Nuellze ey + gl ) < 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

1-N
lugllLoory < Ce v || fllLer,) <

To prove this result first note that, from Step 1, for any compact subset of Q\{0,1} we
have that u! is uniform bounded in L>*°(K). Hence, if for a small fixed § > 0, we define
R, = ([=6,0] x T?) UR U ([1,1+ 6] x I'!), then, there exists a k > 0 such that |u!| < k in
Pisavsy = ({=0} x ) U ({1 +6} xIY)

Hence, if we define ¢, = (u! — k)* in ., after multiplying the equation by ¢. and inte-
grating by parts we have that

VPt < / Vo + ¢ = / = hyo.< [ 15lo (A42)
Re Qe R

Writing x = (s,y) with s € R, y € R¥~! and changing the variables (s, y) to (s, ) where to
€jj = y we obtain from (AZ2) that

[ vap+ibr< [ o (A13)
Rl R1
Where ¢.(s,7) = ¢c(s,€) and fu(s,§) = f(s,€f). Proceeding exactly as in Lemma B.1 iii)

of [§] we obtain that

1.
/

N

L
N

10el3s sy < Iellzocnll@ellor gy < M Fellzoeany |6l LR gy AT (A.44)
where Ay, = {(x,7) € Ry : u! > k}. From this we have
- 1411
1Gell 1y < I Fell ooyl Axl# 772 (A.45)
From (A44)) and ([A4H) we have that
- N+2 N+2 L4z
19ell 1y < Nl LR (AR < Clidcl ()| A6l 3 < Cl fell oy | A7
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Since, for p > % we have that z% + % > 1, it follows from Lemma 5.1 in [34] that

~ ~ 1-N
[@cll oo () = N Pell oo (i) < ClIf NLorry = Ce7 || fellLo(re
with C'= C(Ry, N, p).

Step 3. We show that ||u?|| @) < C.
After multiplying the equation ([(AZIl) by ¢ = (u? — k)™, k > 0, and integrating by parts
we have that

/ Vo2 + 12 < [ V2 + i = / (f. — k) < / P (Ad6)
Q Qe € Q

Proceeding exactly as in Lemma B.1 iii) of [§] we obtain that

L+x-3
[$ellin @) < Wfellv@lldellr @y < Mellerallel o 1417772 (A.47)
where Ay = {(z,7) € Q: u? > k}. From this we have
111
el oy < NI fell ooy | Axl 7V 2. (A.48)
From (A7) and (AZ48) we have that
Ni2 Ni2 1.2
Il < Il g, o 405 < Ol | 445 < Cll vl 4ul? .

Since, for p > & we have that z% + £ > 1, it follows from Lemma 5.1 in [34] that
[l 2@ = [19ellz=(@) < Cllf o) = Cllfellrey
with C'= C(Q, N, p).

Step 4. We show that |u!]|z=~@) < C and ||u?||p~r,) < C. Observe that by the maxi-
mum principle [lu¢|| @) < [[ugllzeriore) and [[u¢(|lze(r,) < [|u¢]|ze(riore), Which both are
bounded uniformly in € by the previous steps. |

We are in a position now to provide a complete proof of Proposition EZ1]

Proof of Proposition Tt Observe that (1) follows directly from Lemma [AT]l

If || fellyr < 1, then by Lemma we can get a subsequence, that we denote by e again,
and (f, h) € UY, such that if u. and (w,v) are given by (ZI3) and (1), then ([AZ30) holds.
In particular, this shows 7). Moreover, from ([A36]) we have

||’U/E — ’UJHLQ(Q) —+ m”’ue — UHL?(Re) — O
Holder’s inequality implies
1
[ue — w|l 1) + m”us —v|[riry — 0. (A.49)

Since by Lemma [ATIl we have ||ue — w||ro) + ||ue — v||r=@) < C, interpolating this
estimate with ([A49), we obtain,

||u€—w||Lq(Q)+€(N_71)/q||u5—v||Lq(R€) —>0, 1 < q < 00.
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This shows 7). Finally, i) is proved with ¢) and 47) and using a standard cutoff and
bootstrap procedure.

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