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Resumo
Neste artigo analisamos o comportamento assintético de problemas de reacdo e difusdo,
com condic¢oes de fronteira de Neuman homogéneas, em dominios do tipo dumbell. Damos
uma estrutura analitico funcional para tratar problemas deste tipo e, como um primeiro
passo, mostramos neste artigo a continuidade do conjunto dos pontos de equilibrio e de suas
variedades instaveis lineares.






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

w—Au+u=f(u), z€Q, t>0,

1.1
Uy reoq, (1)
on

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

—

FIGURE 1. Dumbbell domain
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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 e approaches zero, see Figure 1.

Under standard dissipative assumption on the nonlinearity f of the type, lim SUP)s|—-+00 f(s)/s <

1, for fixed € € (0, 1] equation (1.1) has an attractor A, C H' ().
On the other hand, passing to the limit as ¢ — 0, the limit “domain” will consist of the
domain €2y and a line in between, see Figure 2

y " Vs

.M_____/
FIGURE 2. Limit “domain”

And the limit equation is

(w—Aw+w=f(w), z€Q, t>0
ow

— 9]
o 0, z€d

vu—Lv+v=f(v), s€ Ry
( v(po) = w(po), v(p1) = w(p)

where w is a function that lives in Q 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(z)}, then Lv = é(gvm)x. 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 A, in
H'Y(Q) x H'(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 (1.1) can be written as an
evolutionary equation of the type

u+ Au = F(u), t>0
{ u(0) € X, (£5)
for certain family of spaces X.. Also, problem (1.2) can also be written as
ut—f-Aou:FO(u), t>0

in a certain space Xg.

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 {uf}ee(o,l]
where u, belongs to different spaces X, for each e € (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 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
A-! converge in an appropriate way to Ay, 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) (resp. wg is an equilibrium of (1.4)) if ue = A7 F.(u,) (resp. ug =
Ay 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 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 lin-
earizations around the equilibria, that is the convergence of (A, — F!(uc) + A)~! to
(Ag — F!'(ug) + A)~%, 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 A7 to Ay’ we will show, with a
Trotter-Kato type formula, the convergence of the linear semigroups e~ to e=4o,

(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 [38] for the case of thin domains with “holes”. In [6, 1] 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, 1] a general scheme to treat the continuity
of the attractors of semilinear parabolic problems is developed 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 — u3 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 [19, 41].

In several works at the end of the 80’s ([22], [23], [24], [25], [26]) and beginning of the 90’s
(127], [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, 3, 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
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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 [14]. Also, in [11] the authors analyze spectral properties
in a multidimensional structure with similar properties as our limitting domain depicted in
Figure 2.

In [31], S. Jimbo and Y. Morita made a detailed study of the first £ 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 [18].

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 [42] the author develops a functional framework to treat nonlinear elliptic problems
on sequences of domains {2,}22,. 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, \
Qo. 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 —u3) 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 (1.1) 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 (1.2) 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 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, Theorem 2.3 and
Theorem 2.5. In this section we also state the basic result on the convergence of the resolvent
of the linear operators, Proposition 2.7. In Section 3 we establish basic properties of the linear
operators A, and Ay. 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 Theorem 2.3 and Theorem 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
approaches a line segment as the parameter ¢ approaches zero. In order to describe such
domains we need to introduce some terminology.

Let @ C RY, N > 2, be a fixed open bounded and smooth domain such that there is an
[ > 0 satisfying

QN {(s,a): s+ ') <P} = {(s,2') : S+ 2P < 1, s < 0},
QN {(s,2): (s= 12+ 2P <P} ={(s,2"): (s = 1)+ |']> < 2, 5 > 1},
Qn{(s,z):0<s<1,|z| <} =0,
with {(0,2") : |2/ <1} U{(1,2") : |2'| <} C Q. We are using the standard notation RN 3
z = (s,2'), with s € R, &' = (29,...,2y5) € RN,

The channel that we consider will be defined as R, = {(s,ez’) : (s,2') € R;} and R is
defined as

Ry ={(s,2"):0<s< 1,2 e}

and for all 0 < s < 1, 'Y is diffeomorphic to the unit ball in R¥~!. That is, we assume that
for each s € [0, 1], there exists a C' dipheomorphism

L;:B(0,1) - I} (2.1)
Moreover, if we define

L:(0,1) x B(O,i) — 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 do,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
R, = {(s,2), |z'| < r(8);0 £ 5 < 1}
For this channel, g(s) = wy_17(s)"™' where wy_y is the Lebesgue measure of the unit ball
in RN-L,
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 Q2. Therefore we can have the situation described

in Figure 1 or as in Figure 3.;\\ <””‘\\\\ 8,

[ | \
/ \ |

J | |

/ e

/ I —

[ Q ‘\, R, /

\ \ @ /

—~~ _—

FIGURE 3. Dumbbell domai.fI»_{i‘x/ﬂi—t’h a connected

Consider the nonlinear elliptic problem
—Au+u= f(u), ze€q.,
(2.3)
QI—L =0, %€ 09
on
defined in the dumbbell domain 2, with f satisfying the following conditions:

(i) f: R — R is a C? function,
(i) | f(u)] + |f' ()| + |f"(u)] < C) for all u € R.

Remark 2.2. The 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
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(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 (i1) is satisfied.

We will denote by {&c}ec,1) the set of solutions of the problem (2.3). Under the above
assumptions on the nonlinearity f, & are bounded in L*(,) uniformly for € € (0,1] .

The limit problem of (2.3) as ¢ — 0 is the following
(—Aw+w = f(w), z€Q,

ov

— =0 Q

o , TEOD

(2.4)

1

—;(gvs)s%-v:f(v), 36(0’1)

L v(0) =w(0), v(1)=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 (2.4) we first find a solution w of the nonlinear problem in 2,

{ -Aw+w= f(w), z€Q

" 23
on

Any solution of (2.5) is very smooth. In particular, it is in C°(Q) 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
g (gvs)s +v=f(v), s€(0,1) (2.6)
v(0) =w(0), wv(1)=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 Q U Ry and in €.
First of all, we need an extension operator that maps functions (w,v) defined in QU Ry into
functions defined in €.. 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: (@) o

w(x), T €
Edwo)e)={ 4 TS0

If we consider now X, 0 < € < 1, a family of functional spaces in Q, (say for instance
X =L%Q), 0 <e < land Xp = L*(Q) x L*(Ry)), we can give the following definition
of convergence: u, — ug if ||ue — Eeupllx, — 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?(Q,) with the usual metric [uellZz0,) = Jo, [uel?, we will have
that the family of functions u. = 1 will converge to any function ug € L?(Q2) x L*(Ry) such




DYNAMICS IN DUMBBELL DOMAINS 9

that ug = 1 in © and it is arbitrary in Rp. In particular, with this choice of metric in L*(,)
the limit is not unique. On the other hand, if we define the metric in L?(Q,) by

1
HUEH%Z(QE) :/|ue'2+ N~1/ IUGF
Q € Re

we are magnifying the functions in the channel R, with a factor e-(W=1. Tt 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 up =1 in QU Ry.

This considerations motivate the definition of the following spaces: for 1 < p < oo, the
space UP is the space LP(f2,) with the norm

1-N
| Mlzr) + €77 |- [lzo(re)

and denote by U§ = LP(€2) @ L(0, 1) where Lb(0, 1) is the space LP(0,1) with the norm

1wl 220,y = ( /Olg(sm (S)Ipds>1/p

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

[l

=N ! P
vr = [ulloy + € 7 flullze(ry = llullzr@) + (/ g(s) u(s)? dS)
0
Notice that the extension operator E, maps U} to UP. Moreover,

| Ee(w, v)llur = [l(w, v)lug

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

1N
m= @ +e® || lae

Theorem 2.3. Let p > N. If we denote by & the set of solutions of problem (2.3) for
e € (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 uy € E such that

l|luf — Ee(ug)llgr — 0, ase—0 (2.7)
|ug = Ee(ug)llmy =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
|ut — ufllcreaxy = 0 as e = 0.
i) For any hyperbolic equilibrium point ug € o, there ewists n > 0 and €y > 0 such that
there exists one and only one equilibrium u? of (2.3) such that

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

€

Moreover, (2.7) and (2.8) 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, & = {ug,...,ul} and there exists an ey > 0 such that
Ee = {ug, ..., ul'} and ul — u} 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 uf = (wo,vo) € & is hyperbolic if the linearization of
(2.4) does not have any eigenvalue in the imaginary azis. Observe that \ is an eigenvalue of
the linearization if we have solutions (¢,%) not identically zero, such that

(—A$+d— fludp=rb sEQ,
g—z =0, z€0d0
(2.10)
—é (gus), + ¥ — f(wo) = Mp, s € (0,1)
L w(0) =6(0), (1) = (1),

From (2.10) it is easy to see that all eigenvalues are real (although the operator obtained
through linearization is not selfadjoint) and that N\ = 0 is not an eigenvalue of (2.10) if
A =0 is not an eigenvalue of the operator —A¢ + ¢ — f'(wo)d = A in Q with homogeneous
Neumann boundary condition nor an eigenvalue of the operator _é(gws)s—*‘w—fl(,l}())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 2.3 let u; be a sequence of equilibria of (2.3)
and ug = (wo,vo) an equilibrium of (2.4) satisfying (2.7) and (2.8). Denote by {\}°, the
set of eigenvalues (ordered and counting multiplicity) of the linearization around u?, that is,
the eigenvalues of

—Aée s ¢e - f/(uz)¢e = /\¢6> S Qea

2.11
a¢€:07 v e on,. (2.11)
on
and by {¢S} a corresponding set of orthonormal eigenfunctions.
Also, denote by {\2}22, the set of eigenvalues of (2.10), ordered and counting its algebraic

n=1

multiplicity, and denote by {#°}°°., a corresponding set of generalized eigenfunctions. Then,
we have

AN foralin=1,2,...

Also if nis such that \S < A0, and we define

w0 = span[¢?, . . ., ?°], Wy = span|gs, ..., ¢S]
then,
distyp (W, EW?) 30, distyy (We, EW?) <=3 0 (2.12)

In particular, if ug is a hyperbolic equilibrium point of the limit equation and u* is the
sequence of equilibrium points such that ||u} — Eeuy||y» 280 given by Theorem 2.8, then
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Jor € 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 uf coincide.

Remark 2.6. i) In relation to (2.12), the distance of two subspaces is the symmetric Haus-
dorff distance of the unit balls of the two subspaces, that is if Wy, Wy are subspace of the
Banach space U, then
disty(Wh,Ws) = sup inf |z —ylly + sup inf [z -9yl
CL‘EBVVI yEBw2 yEBw2 IEBWl

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

i) 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 [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 ue be the solution of
—Auc+ue=f, €,
2.13
Be _ o zeon,. (2.13)
on
and for (f,h) € U} let (w,v) be the solution of
(—Aw+w=f =z€q,

v
—_—= )
o 0, ze€0d

(2.14)

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

(2) Withp > N, if || fellyr <1, € € (0,1], there is a subsequence, denoted by € again and
(f,h) € UY, such that if (w,v) are given by (2.14) then the following holds

B lue = Eo(w,0) ]| m 30,
i) |we — Ee(w, v)||ye 280, foralll< g< oo
1i1) l|ue — w||cre k) i 0, for all compact K C Q\ po, ;1

e—0

(3) With p > N, if we have ||fe — Ec(f,h)||ly» — O then we have i), ii) and iii) for the
whole sequence
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The proof of this Proposition is written in Appendix A.

3. THE 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 U, respectively.
Since for fixed ¢, the space UP is equivalent to L”(), the problem (2.3) can be written
as an abstract equation of semilinear type of the form
A = F (u), (3.1)
where A, : D(A,) C UP — UP, 1 < p < o0, is the linear operator defined by
D(A,) = {u € W2P(Q,) : Au € UP, 0u/On =0 in 8(26}
Au=—-Au+u, ue D(A)
and the nonlinearity F, : U, — U, is the Nemitskii operator generated by f, that is

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

The operator A, is sectorial and the following estimate holds

(3.2)

| (Ae + X)) leezrgony) < T for X e X, (3.3)
where Xy = {A € C: arg(A = 1)| < 0}, 6 > ¥ and C is a constant that does not depend
on e. 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(Ag) C U§ — U} which is defined by

Ag(w,v) = ( — Aw + w, —é (gve), + U), (w,v) € D(Ag) (3.4)

with domain
D(Ap) = {(w,v) e Ul :we DAY, (gug), € L (0,1
(8.5)
v(0) = w(0), v(1) = w(1)}
where A is the Laplace operator with homogeneous Neumann boundary conditions in
Lr(Q).
\(Ne) have the following

Proposition 3.1. The operator Ay defined by (3.4) has the following properties
(i) D(Ag) is dense in UY,
(ii) If p > N/2 then Aq is a closed operator,
(1ii) Ag has compact resolvent.

Proof: (z) Let (w,v) € LP(Q) @ L8(0,1). Let (wn, v,) € C(Q) ® C$2(0,1) with (wy,v,) —
(w,v) in LP(Q) & LF(0,1), then (wn,v,) € D(Ap) and the result is proved.

(i7) Let (wn, v,) € D(Ap) be such that (wn, v,) — (w,v) and Ag(wn, va) — (¢, 1) in LP(Q)®
LB(0,1). Since w, € D(AY) and A is a closed operator in LP(R), see [20], we have that
w € D(AF) and w, — w in W?#(Q). In particular, —Aw, — —Aw and since p > N/2 we



DYNAMICS IN DUMBBELL DOMAINS 13

have W2P(Q) — C°((2), which implies that w,(0) — w(0) and w,(1) — w(1). On the other
hand v, — v and ¥, = —é (gvp)' + vp — 4 in L2(0,1). Now

—é (gul) +vp =, s€(0,1)
U (0) =, (0), wa(l) = wiu(d).

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

Loav_o
{—Ew@>—a € (0,1) -
§n(0) = wn(0), &n(1) = wu(1),
we have
—2g) =t 5€(OD
2,(0) = 2, (1) =0,
It is easy to see that
o) Me() = wn(0) [
£.(s) = wa(0) + /0 57 (37)

I
1
—df
/0 9(0)
and, since w,(0) — w(0), w,(1) = w(1), it follows that & — &, where £ is the solution of
the following problem

g (3.8)
£(0) =w(0), ¢&(1)=w(1).

Moreover, since the operator L(v) = —é(gv’)’ with homogeneous Dirichlet boundary con-
ditions at s = 0 and s = 1 is closed in LF(0,1), we have that 2, — z in LF(0,1) where 2
satisfies

{1@€Y:& s€(0,1)

—%@5Y=w—w s€(0,1)
2(0) = 2(1) = 0.

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

{ —é(gv')/+v =1, s€(0,1)
v(0) = w(0), v(1) = w(1).

(3.9)

(i4i) Since D(Ag) C W2P(Q) @ W}*(0,1) — LP(Q) & Lk(0,1) and since the embedding
W2P(Q)@W,#(0,1) — LP(Q)®LH(0, 1) is compact, it follows that Ay has compact resolvent. M
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Remark 3.2. Even though Proposition 3.1 states several important properties of the operator
Ay, we would like to mention that Ag is not a sectorial operator. Its spectrum is all real and,
therefore, it is contained in a sector but the required resolvent estimate

Ag + XD 7Y| ey <
(Ao + A1) ™|y +al

is not satisfied. To see this, we refer to [7].

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 . with the linear problem defined in the
limit domain Q 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 £, : Uy — U, with the property that

€—0

| Beullu. — ||lully,, for all u € Uy. (4.1)

Example 4.1. Let Q2. = QU R, be the dumbbell domain defined in Section 2 and let UP and
Uy be the spaces defined also in Section 2. Consider the estension operators E, : Ul — UP

_J w(x), z€Q
Ee(wJU)(x) = { ’U(S), T = (s,y) € dt,

It is very easy to verify that || E.(w, )|

U = H(U»U)HUg-

0
v, = 0.

Definition 4.2. We say that a sequence {uc}ec(o,1) E—converges to u if ||u. — Ecul
We write this as u, N

With this notion of convergence we introduce the notion of compactness
Definition 4.3. A sequence {un}yen, with u, € U, and e, — 0, is said pre-compact if
for each subsequence {un} there is another subsequence {uy} and an element u € Uy such
that u, ,, s u. The family {uc}eeo,) s said pre-compact if for each sequence {u.,}, with
e, — 0, is pre-compact.
Definition 4.4. We say that a family of operators {B. € L(U,) : e € (0,1]} converges to
By € L(Uy), as € — 0, if Beu, £, Byu whenever u, -y e Uy. We write B, EE 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,
€ € (0,1], the family { Beu.} is relatively compact and, moreover, B, =5 By. We denote this
as Bé 'g) Bo.
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Example 4.6. Let Q, Qq, UP, U} be the domains and the spaces of the dumbbell domain
of Ezample 4.1, let Ac, Ay the operators defined in Section 8 and consider the operators
B, € L(UP) defined by B, = A, that is, B.f. = u. where u. is the solution of

_Aue+ue:f6) 'Q:EQE
%%:O, z € 0f,.

and By € L(U}) be the operator defined by By = Ay*, that is By(f, h) = (u,v) were (u,v) is
the solution of

(4.2)

(—-Aw+w=f, z€{
ow
a—n:O, x € 0N)
(4.3)
- (1)<<> V(5)) +0(s) = h(s), se€(0,1)
| w(0) =w(0), (1) = w(1).

We will prove in Appendiz A that if p > N, then A7 N 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 2.7 states.

The following lemma is a key result.

Lemma 4.7. Assume that {Be € L(Uc)}ce(o,1) converges compactly to By as e — 0. Then,
i) || Bell .y < C for some constant C, mdependent of €.
ii) Assume that N (I + By) = {0} then, there ezists an ¢ > 0 and M > 0 such that

(I + Be) Hrwy < M, Vee|0,e). (4.4)

Proof: i) If the norms are not bounded, then we can choose a sequence of ¢, — 0 and
e, € U, with |Jue,||lv., = 1 such that ||Be,uc,| — +oco. But this is in contradiction with
the compact convergence of B, given in Definition 4.5.

ii) Because B, is compact for every e € [0, 1], the estimate (4.4) is equivalent to say that

1
L = T Ve € [0, o] and Yu, € U, with ||ue|| = 1.
Suppose that this is not true; that is, suppose that there is a sequence {u,}, with u, € U,,,
|un|] = 1 and €, — 0 such that [[(/ 4+ Be,)ua|| — 0. Since {Bc,u,} has a convergent
subsequence, which we again denote by {Be,u,}, to u, ||ul]| = 1, then u, + B, u, — 0 and
u, — —u. This implies that (I + B)u = 0 contradicting our hypothesis. |

(I + B¢)ue

In general, we will have that the operators B, are inverses of certain differential operators
A,. 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_' L0 AL (4.5)
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Lemma 4.8. Let A, be such that (4.5) hold. Then, for any A € p(Ayg), 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 S My, Vee[0e)]. (4.6)
Furthermore, (A — A¢)™! converges compactly to (A — Ag)™" as e = 0.

Proof: From (4.5) and since A € p(Ap) it is easy to see that
(A= Ap) ™t = =AM - MAH

Since AJ? Lol Ag', applying Lemma 4.7 i) and ii), we get that the operator —A=(I —
AAZ!)™! is well defined and bounded. Easy computations show that actually —A7'(I —
M) = (A= A~ Hence A € p(A.) and we obtain (4.6).

In order to show the compact convergence of (A — A)7! to (A — Ap)~! we proceed as
follows.

Since A! converges compactly to A;' and since {(Z — AAZ!) : 0 < € < €} is bounded we
conclude that

o If |luclly, = 1 then (A — A) tue = —A7'w, with w, = (I — MA7Y)"tu, which is
uniformly bounded in e. Hence (A — A.) "', has an E-convergent subsequence.

o If u, = u then A-'u, —= A7'u. Now, for any subsequence of {(A — A.)~lu.} there
is a subsequence (which we again denote by {(A — Ac)~'u.}) and a y such that,

A= A) e = —(I = M)A u, = 2, =5 .
Therefore,
A7l & AT'u = —(T = MYz 25 —(I = AA7Yy

This implies that y = (A — Ag)~!u. In particular, y is independent of the sub-
sequence chosen. This implies that the whole sequence (A — A¢)~'u, converges to
y = (A — Ag)Yu. Thus, (A — A)~1 Z5 (A — Ag)~L.

From this we have the compact convergence of (A — A;)™* = (A — Ap)~! and the result

is proved. Ll

Lemma 4.9. If A and § are chosen such that Ss := {u € C : |u— N = 8} satisfies
o(Ag) N S5 = 0 then, there exists es, > 0 such that o(A) N S; =0 for all € < es,.

Proof: Suppose not. Then, there are sequences ¢, — 0, A\, € S; (which we may assume
convergent to \) and wu,, € U.,, ||uc.|| = 1 such that u,, — (4, ) *Antte, = 0 or equiva-
lently A (Ac,) tue, = ue,. It follows from compact convergence that u,, has a convergent
subsequence to u € Uy, ||ully, = 1 and that Agu = Au which contradicts our assumption. M

For an isolated point A € o(Ay) we associate its generalized eigenspace W (), Ay) =
Q(\, Ag)Uy where
1

21

QN Ag) =

/ (€1 - Ag)~'de
le-A1=0
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and 0 is chosen so small that there is no other point of o(A,) in the disc {¢ € C: |- \| < §}.
It follows from the previous Lemma that there is eg, such that p(A.) D S5 for all € < eg,.
We denote by W (A, A.) = Q(A, Ae)Ue where

1 .
A A) == [ er- A
270 Jig-l=s E
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 Ay consists of isolated eigenvalues only.

Theorem 4.10. Let A, Ay be such that (4.5) is satisfied. Then the following statements
hold.
(i) If Ny € o(Ag), there exists a sequence €, — 0 and A\, € o0(A4.,), n € N, such that
Ap — Ag as n — 00.
(ii) If for some sequences €, — 0, A\, € 0(Ae,), n € N, one has Ay = Ao as n — 0o, then
/\() & U(Ao).
(iii) There exists eg > 0 such that dimW (A, A.) = dimW (Ao, Ag) for all 0 < € < €.
(iv) If u € W (o, Ao), there exists a sequence {ue}, ue € W(Ao, Ae), such that u, 25 .
(v) Ifen — 0, and u, € W (A, Ae,), satisfies ||uy||v,, =1 then, {u,} has an E—convergent
subsequence and any limit point of this sequence belongs to W (Ag, Ap).

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

(I = AAZHH = 0(1), € €[0,€), A € dO(Ag, d).

If that is not the case there will be a sequence A\, € 9O(\y,d) (which we may assume
convergent to some A € dO(\o,d)), a sequence u, € U.,, ||un|| = 1, and a sequence ¢, — 0
such that

H(I - /\H(Am)_l)un“ ”—’_0;’ 0.

Since A € p(4y), that is in contradiction with Lemma 4.7.
Assume now that O(\g,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

I~ dedZ1 )Y € max |[(I — A4 =€ < oo
|,\—[,\0|=]<5
ec|0,e0

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

1(h0d5™ = Dullu, = lim [[(AZ" = Dounlluy > ellullon,

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

small e.
(44) Assume now that ¢, — 0, {\}, A\n € o(A.,), is such that A\, — X and ||({ —

An(Ae. ) Yunl| = 0, lun]l = 1. Then
H(I - /\(Aen)ml)un U — H(I . /\n(Aen)_l)un = </\ - )‘n)(Aen)—lun

Uen — 0
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as n — co. Once ||u,|| = 1 we have, taking subsequences if necessary, (Ac,) 'u, — y and
Un — u, ||u|| = 1. Therefore u — MAg'u = 0, u # 0, which means A € g(Ay).

(i54) Since (A — A)~1 3 (A — Ag)~! for any A such that |\ — Ae| = & and since
{IIV =497 : 0 < e < eo}

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

If vy, -, v is a basis for W (A, Ag) = Qo(Ao)U, it is easy to see that, for suitably small

6’
{Qe(/\O)Eevla T 7Qe(/\0)Eevk}
is a linearly independent set in Q.(A\o)U.. Hence rank(Q.(\o)) = rank(Q (o))

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

L < Jlun = Qo(Ao)unll = [|Qc, (Ao)un — Qo(Ao)un| = 0

So we need to prove just compact convergence Q(\g) — @(X¢) and that follows from
the compact convergence of A-! — Ag', from the uniform boundedness of ||(CA;' — I)7!|
(J¢ = X\o| = 6 and € € [0, €]), given by Lemma 4.7, and from the formula

1 1
Qc(No) = ——/ [—A)d¢ = A" — CAZY - D).
o) =g | (T ATNe =P | )
(iv) This follows taking u. = Qc( o) Eeu.

(v) Follows from the compact convergence of @, to @ proved in (7it). [ |

Proposition 4.11. Let A, Ay be such that condition (4.5) 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 e € [0,¢ex] and

sup [|(A = 47| < o0. (4.7)
AEK
EE[O,EK]
Furthermore, for any v € Uy
sup [|(A = A) " B — Eo(A — Ag) tully, <3 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 4., . Since K is compact we may assume that there is a A € K such that
An — A. It follows form Theorem 4.10, part (ii), that A € o(Ag) which is a contradiction.
To prove (4.7), it is enough to prove that
sup ||[(I = AA7H7Y] < o0.

NEK
€€[0,ex]

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

I = A AZ)TH = oo
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Since A\, A7! converges compactly to AAg" this is in contradiction with Lemma 4.7.
[t remains to prove (4.8). Once again, we prove it by contradiction. Assume that there
are sequences €, — 0, K 3 A\, = A € K and n > 0 such that

(A = Ae)) T Eu = Ee, (M — Ao) Hullu,, 2 0. (4.9)
Using the resolvent identity we have
(n = Ae) " Eeyti = (A= Ao)) By = (= 2) O = Ae) (A= A)'Eey
It follows from the (4.7) that

1A = Ae) "B u— (A= A) ' Ee ully., — 0 as n — oo. (4.10)
Since, from Lemma 4.8,
(A= Ae) "B u— Ee,(A = Ag) 'ully,, = 0asn — oo (4.11)
and, from the continuity properties of the resolvent operators,
|(An — Ag) " tu — (A — Ag) " tully, — 0 as n — oo. (4.12)

Now, (4.10), (4.11) and (4.12) are in contradiction with (4.9) and the result is proved. M

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 AZ! to Ay' is obtained, we can analyze the operators of the form
A+ Ve
Consider the following hypothesis

(4.5) holds and V, € L(U.,U.), € € [0,1] such that A1V, <% A7V, (4.13)

Example 4.12. Assume we are in the setting of Examples 4.1 and 4.6 and let V. € L*>(,)
and Vy € L®(Q) & L*(0,1) be potentials satisfying that V, 25 Vy. Then, we have
A7V S A
Note that AZ'V.(u.) = AZY(V.ue). 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 UP, then Viue is also a bounded
sequence in UP. By the compact convergence of A7' we get that A7'(Veu,) is precompact.
Moreover if u. o ug tn UP, then Vou, 2N Voug. And therefore A7V, u, £, Aal%UO
since A7V 25 451

We assume the following condition

0¢ a(Ay+ Vo) . (4.14)

It is clear that Ay + V4 has compact resolvent. Let A=A, +V,, 0<e<1 Wecanshow
the following result,
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Proposition 4.13. Assume that conditions (4.13) and (4.14) are satisfied. Then, there is
an €g > 0 such that 0 & o (A + Vo), [|(Ae + Vo) Hlcw) € M independent of € for 0 < € < €.

Moreover

(A4 TR 28 (4T

In particular, the operators A, = A+ V,, 0 < € < 1, satisfy condition (4.5).
Proof: To prove the result note that
(Ae+ Vo)™ = (T + A7V AT

Since —A; 'V, converges compactly to —A5'Vy and —A-! converges compactly to (—A4g)~!,
the uniform boundedness follows from Lemma 4.7.

To prove that (A, + V,)~! <c, (Ag + Vo)~ we note that, for each sequence u, € U, with
luellu, < 1 we have

Ve = (Ae + Vo) e = (I + A7) LA M,
is a bounded sequence and that
ve = =AW + AT M.

Taking subsequences we may assume that {A7'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=—A;'"Vov + Ajtu.

and v = (Ap + Vg) "'u. From the fact that the limit is independent of the subsequence we
have convergence. 1

Observing that, from Lemma 4.13, A7! converges compactly to A" and proceeding exactly
as in Lemma 4.11 we obtain the following result

Corollary 4.14. Under the conditions of Propostion 413, all the results of Theorem 4.10
and Proposition 4.11, apply to the family of operators A, = A, + V., 0 < e < 1.

Proof: Just observe that from Proposition 4.13 the operators A, satisfy condition (4.5). W

5. CONTINUITY OF THE SET OF EQUILIBRIA
Let us consider in the family of Banach spaces U, the following family of nonlinear problems
Acu. + fe(u) =0. (5.1)

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

A, satisfies (4.5) and AZ'f.(-) S5 A71f(). (5.2)
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Example 5.1. Let €, be the dumbbell domain defined in Section 2 and consider the setting
from Ezample 4.1 and Example 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 fe : UP — UP, p > N, the
Nemitskii map of f in UP, then (5.2) is satisfied.
Suppose that UP 3 u, Eoue Ul. Then,

£ (ue) = Eefs(Wllup = 1 (ue) = fE(Eeu)|lup < Lllue — Eeullye 2o, (5.3)
The condition (5.2) now follows from the compact convergence A* £5 Al from the fact
that f¢ is bounded uniformly for € € [0, 1] and from (5.3).

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, © C U and denote by IC(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
Y(I — F,O,u) to each admissible triple (I — F, O, w) with the properties
(1) v(I,0,u) =1 foru e O;
(2) (I = F,0,u) = v(I — F,O1,u) + (I — F, Og,u) whenever Oy and Oy are disjoint
open subsets of O such that u ¢ (I — F)(O\(O; U 0y));
(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 e € (0, €], (I — F, B(u),u) is an admissible
triple and (I — F, Be(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, I — F).

Now we can show,
Theorem 5.3. If u} is an equilibrium point of (5.1) with € = 0 which satisfies 0 ¢ o(Ag +
Fi(ug)) then, ug is an isolated equilibrium point with |ind(uf, I + Ay fi(uy))] = 1.
Proof: Note that uj 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 + fy(ug)) if and only if
1¢ o(—A;'fl(us)). It follows that there is a constant > 0 such that |lv+Ag" fj(ug)vlly, >
2||vllu,. If we define wo(uf,v) = Ag'foluy +v) — Ayt fo(ud) — Ay fo(ug)v, then, by the
differentiability of fy we have that,
H’LU()(US, U)HUO U_—>0> 0.
[[v]luo
In particular, there is a r > 0 such that ||wo(uf, v)||v, < nllv|lu, for ||v]|u, < r. Then, for
lug — ullu, < 7 we have

lu+ A5 fo(wllo, = llu = ug = (A5 fo(w) = Ag™ fo(ug)lluy >

llu — ug + A5 fo(ug) (w — ug)llvy — llwo(ug, v = ug)llus = nllu — ugl.

Thus u} is an isolated equilibrium. The proof that [ind(ug, I + At fi(ug))] = 1 follows as a
direct consequence of Theorem 21.6 in [33].
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Corollary 5.4. If u is a hyperbolic solution of (5.1) with e = 0 then, uj is an isolated
equilibrium and |ind(uf, I + Ay fo(ug))| = 1.

Proposition 5.5. If all points in & are isolated then, there is only a finite number of them.
If 0 ¢ o(Ao+ fi(uh)) 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+ A7 folw) = 0. (5.4)
If we consider the ball of radius larger than ||A5'|K, with K = sup{||fo(u)|lv, : u € Up},
then the operator —Ag"' f(-) maps the ball B(0, ||A;'||K) C Uy into itself. By Schauder fixed
point Theorem (Theorem 21.6 in [33]) v(I + Ay'f(+),0B(0, ||[A;t||K)) = 1 (v is the Degree
of Leray-Schauder) and there is at least one fixed point uj for —Ay"'f(-) in B(0, ]| Ay || K);
that is,

ug + Ayt f(uy) = 0 with uy € B(0, || 45| K).

Since the operator —Aalfo(-) : Up — Up is compact we have that the set & = {u : Apu +
fo(u) = 0} is compact in Uy. Moreover, by Theorem 5.3 any fixed point u} is isolated. If
the number of the fixed points is infinite, i.e. we have a sequence {u}2,, then the sequence
— Ayt f(u}) = 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=~(1+ A" f(-),0B(0, A7 K)) = > ind(uf, T + Ag'f ("))
1=1

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

Proposition 5.6. Assume that condition (5.2) is satisfied and that the problems (5.1) have
solutions {u’}, € € [0,1]. Then, taking subsequences if necessary, there is a solution uf of
(5.1) with € = 0 such that ||ul — Ecujlly. — 0 as e — 0.

Proof. If u’ is a solution of (5.1) we have that v = —AZ'f.(u!). From the fact that
A7 fe(r) : Ue = Uy 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? = Ug.
Again from (5.2) we have that

up + Ay " (ug) =0,
which is equivalent to say that w§ is a solution of (5.1 with ¢ = 0). |
Proposition 5.7. Assume that (5.2) holds and that ug is hyperbolic solution of (5.1) with
€ = 0. Then there are ¢ and 6 > 0 such that for 0 < € < €y the equations (5.1) have at least
one solution w} in {w : ||we — Eculllu, < 0}. Furthermore, ||ul — Eud|ly. — 0 ase — 0.

Proof: As in Corollary 5.4 there is a ball B(ug,d) such that there are no other fixed points
in it except uj and we get |ind(ug, I + 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, ), € < €, for some ¢y > 0. This sequence {u’} is E-convergent to uj. ]

The last two results, Proposition 5.6 and Proposition 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
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get a subsequence such that u! i ug, which is an equilibrium of the limit equations and
viceversa, if ug 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} =, ug.

We want to impose conditions now on the nonlinearities f. that guarantee that for a fixed
hyperbolic equilibrium solution wf 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(ug,v) = Ae_lfe(u: +v) - Aewlfe(u:) - Ae_lfel(u:)v
Consider the following hypothesis

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

AV (ut) €5 AFYf(up) and ”Lm&
U.

9.5
=o(1) as ||v||g. — 0, uniformly in € {6:5)

Jwe(ug, v)|

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

Ue
there exists a § > 0 such that ||w.(u,v)||y, < pljv||v, for all v € U, with |Jv||y, < 6.
We can show now the following

Theorem 5.8. Assume (5.5) holds and let uf be a solution of (5.1) with e = 0 which satisfies
0 ¢ (Ao + fo(uy)). Then, there is a 6 > 0 such that (5.1) has a unique solution u! such
that ||uf — Ecudllu. < 6.

If, for all solutions uj of (5.1) with e = 0, 0 ¢ o(Ag + fj(ug)) then, from Proposition

5.5, (5.1) with e = 0 has a finite number ng of solutions uj,--- ,uy . In this case, there is
. E
an €y such that (5.1) has ezactly ng solutions, uf, -+, ug,., for all € < €9 and ug; — uj,

If, moreover, u§ is a hyperbolic equilibrium point then u; is also hyperbolic and we can
apply Corollary 4.14. In particular, the linear unstable manifold 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 opera-
tor —A-1fe(-) : Ue — U,. Also, from Lemma 4.7, there is an ¢g > 0 and n > 0 (independent of
¢ € [0, €]) such that, for any € < €9, 0 ¢ o(Ac+f/(u;)) and ||[(1+ A7 fL(ug))vellu. = 2n||vellv.-
If we write
_ 3 * B * — r * * |lw(u:7 v Ue
ATV (ur 4+ ve) — AT (ul) — A7 (ud)ve = we(ug, ve), —Wﬂ—
€ €
with C independent of e. Hence, there is a § > 0 (independent of €) such that [Jw,(uf, ve)||v. <
nl|vellv, for ||velly, < 28. Then, for ||uf — uc|lv, < 26

lue + A7 felu)llv, > Mlue = ug + AT fe(u) (uf — v llo. — [Jwe(ue, ue — )|

B=9
< Cllvelly?

ve 2 nllue — ucl]

Thus u* is the only solution of (5.1) in Bys(uf). This together with the fact that ue — ug
implies the result. |
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Example 5.9. Assume we are ezactly in the same conditions of Example 5.1. Let us show

that hypotheses 5.5 also holds. Notice that if u} s ug, and if we define V, = f'(u}), Vo =
f'(wo), we have that since f' is a bounded function that V, € L*°(Q,), Vo € L®(Q)®L>(0,1).

Moreover, V. £, Vo. Applying the results in Example 4.12, we get
AT () 25 Agt ()
Let us prove now that, for each € € [0, 1], we get
2
lwe(ue, v)llop == [[AZ (fE(ue +v) = fE(ue) = (f) (uv)llur < Cllvllfp, veU?  (5.6)

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

HAe_lHll(Uf,L"O(QE) <C (5.7)

By interpolation, 1t is not difficult to see that if N < q < p we also have ||A7 || ce pry < C
Hence, if N < q < p, we have

1A (fe(ue + v) = fé(ue) = (£ (u) lop < CIIf (ue + ) — feue) = F(uvllug
< COll[f' (ue(z) + 0(z)v(z)) = f(ue())]v (@)l vg (5.8)
< Ol (ue(2) + 0(z)v(2)) = f'(ue(@)) vz o () lluz-

1,1 _ 1
where s+ 5 i Note that

1/ (ue(2) + 0(z)v(z)) = f'(ue(@)l|re(@) < C
1/ (ue(z) + 6(z)v(2)) — ' (ue(2))llvz < Cllvllop

8

and by interpolation

I/ (ue(@) + O(@)o(2)) = F(uez)lu; < Cllollgy < CHUH(EE
which implies (5.6).

6. PROOF OF THE MAIN RESULTS: THEOREM 2.3 AND THEOREM 2.5

In this section we will assume that Proposition 2.7 is proved and will provide a demostra-
tion of Theorem 2.3 and Theorem 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*°(€) 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 U? and U} from Section 2 and Example
4.1, we have from Proposition 2.7 the compact convergence of A=! to Ag'. 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).
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It we denote now by f; = f(u?) € UP and f§ = f(ug) € U§, by (2.7) and by the continuity
of the nonlinearity f, we have that HfE* E fillyr = 0 as € = 0. Applying Proposition 2.7,
point (3) i), ii) and iii) and taking into account that u! = AZ1f*, uf = Ag'fs, we prove i)
of Theorem 2.3.

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

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 uf = (wo, vp) satisfying (2.7) and (2.8), we have that
if we define V, = f'(u}) + M and Vy = f'(u§) + M, for some positive M large enough so
that f'(uf) + M > 0, then, as it is shown in Example 4.12, (4.13) holds. Moreover, since
f'(ug) + 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'(ug) + 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'(uf) and Ag + f'(uf). 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 2.3. [ |

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 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()) with the norm

|pellv. = l|@ellLr(e) re ||¢5HLP(R
for e > 0 and U = LP(Q) ® LH(0,1) with the norm

H(U)a’U)HUg = |lw] Lr(Q) T ||UHL5(0,1)-

where [lw] 2 (0,1) fo lw(s)[Pg(s)ds)/P.
To compare functlons from U” and from U}, we define the following projection operator

M,: UP — UP

Ve — (Mabe)(z) = {we(x), z €00 (A1)

Tse, se€(0,1),
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where 1
TH(z) = ] st(s ,y)dy (A.2)
I = {y:(s;y) € RJ.

The following result holds
Lemma A.1. The projection M, is a bounded operator with norm ||M€|IL(UE,U5) =1,

Proof: If ¢. € U, then, if z = (s,y) with s € R and y € RV~

|Mellop = (/Wm 4%&) ( LM¢4>wm>p
1 PoNF
= (J/ e Ipdx> ; ( g, ey ds)
Po\»
= </ |6 (z |pdx> S N( P e(s, y)dy d8>
Ipe
< ([1o6 |pdx) v ([ gt [ os s
rs
= ([is@pae) +e3 ([ [ 1o mpivas)” = oo
Q rs
The equality holds if ¢, is independent of y in R.. |

A.2. The Extension. Let ¢ € U}, to consider 1 as a function in UP, we define the following
extension operator

E.. U — U,

v o (E)(z) = {w(w), Q (A.3)

P(s), (s,y) € Re.

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

Lemma A.2. E, : Ul — UP? is a bounded linear operator and
[Ee(w, v)llor = 11(w, v)llug,
for all (w,v) € U}.
Lemma A.3. There is a positive constant C' such that, for 1, € HY(Q.) we have that
1Yl Zzmy = Il — E. Me%“%?(&) + “Eer[eweH%%Ré) (A.4)

O
H&M%—w&@><0ﬁle)- (A.5)
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Proof: Note that

[bellz2m,y = [WelPdz = | | (e — E-Mpe) + E- M |*de

|
Re Re

= [ |- B.Mau +2 / (W — E.Map.) B M.p, + / B M2
Re Re

e

On the other hand

1
/ (we - Ee]\/-[ewe> Ee]\/[e'(/)e = / / (we - EEJVIE'QZ)E) EeMewédey
Re 0 s

= / M (2) { /F 1) = B (o)) dy } ds = 0.

0
And the identity (A.4) follows. Observe that

1
IEM = Vg = [ (EMas=wd @) da= [ [ (Bt =) @) dsdy

Hence, let us estimate [, |(Mcte — 1) (z)|* dy. In fact, from the variational characterization
of eigenvalues for the Neumann Laplacian in I'¥, we have that

Jrs 10l

e HY(T?), ; = . A.
et LA ¢¢0/g¢ 0} (A.6)

r

Ao(I'¥) = min {

Taking ¢ = M) — ., we have

1 o |’
A[e € 62 X A7
[ Ml < /\m)/rg o (A7)
From (A.6), it follows that
s V ?
Jo(T?) = min M:¢6H1(Pz>,¢¢o,/¢=o
fpg |¢| T
12
Jre VO] 8 . il
e%min i——’:¢eH1(ri),¢7Ao,/¢=o :—63/\2(1“{), (A.8)

Iy

12
Ji |9
where \p(I'%) is the second eigenvalue of the Neumann Laplacian in I'{. Using (A.8) and
(A.7), we have that
9

62
A/[e'l»/)e — WYe 2 < / a
Je Mot =P < 5w s y
]

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

m = min 2T = (%) >0, T€[0.1],

[N

2

: (A.9)

2

e < 0

Ay

e
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1 1 : .
from which we have C := — > TFS) Now, integrating from 0 to 1 we have the inequality
m = A (T3

(A.5). i

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(Q)®C(0, 1) with w(0) = v(0) and w(1) = v(1)} then

(w,v) — ES(w,v) = {U“’ ;:: (A.10)
where
3(z) = v(s) + he(s) (w(0,y) — v(0)) + he(1 — s) (w(1,y) —v(1)), = € Ry, (A11)

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

H(a) = 1, forse|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) € CH(Q) & C'([0,1]) we have that

N+2

| (Ee — E¢)(w, )20 € Ce 2 |lwllera (A.12)
|(Ee — E¢)(w, U)HHI(Q omi(r) < Ce? ”w”crl (A.13)
’HEE (0, )1 22ryy = 1 Be(w, v)[132(m,| < C"Hwllor@yllvllcogy (A.14)

‘|‘VEé(w)U)H2L'3(RE) —IVE(w,0)|l72(r,) | < CeMlwllav@llvllcroy.  (A15)

Proof: Let C 3 (w,v) € C'(Q) & C(0,1) then, since ||(E. — ES)(w, ’U)”L2 ) = (B =
E&)(w, 0)|[72(q) + H?(EC — E&)(w, v)|[72(g,) = II(Be— E¢) (w, v V)122(x,y» We only need to estimate
| (Ee — EE)(w, 'U)HZ'-’(RE)-
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(BB (w0, = [ [ o) (0, ) (O s
; / (1= s)(w(L,9) = o(1)* dyds
= [ [ o) w(0.9) - wl0,0) dyes (A.16)
. / et = )P (L,) ~ (1, 0) dyes
<Cl/ / ly|? Sélrp )dyd8+01/ / ly[? SSFP

<o, ([ [ wpdyds + / s ) ey < Ol
0 - 1—e/ T8

where we have used the fact that v(0) = w(0,0) and v(1) = w(1,0) and that |T¢| < CeV L.
This shows (A.12).

To show (A.13), it is enough to estimate ||V (E.— E¢)(w, v)||z2(r.): Since h.(s) = e 'h'(s/e)
and with a similar argument we have

) dyds

IV (E. — ES)(w,0) 2 / P [ 10,6) ~(O) dyas
/ ) [ 1900, ) dys
o [ = 9f [ ) - o) doas

+/ |he(1 —3){ \V w(l, y)l dyds

<o [ [ P [ dvis ol

+Clé / . ,Jl dyds HwHCl(Q) + 6’1/; e/s dde Hw”?jl(ﬁ)

g?leHMbmﬁﬂéwﬂm%w2 CeMllwlig g,

where we have also used that [ frs dsdy = O(eV).

The proof of the last two 1nequaht1es follows from the previous in the following way
1B (w,)|32p,y = IEE(w,v) = Be(w,v) + E(w,)l32(r,) = 1B (w, v) — Be(w, v)[[L2(n

+ || Ee(w, 'U)HQL?(Re) + 2(Eé(w, v) — Ed(w, v), Be(w, v))r2(r.) (A.17)

*(
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and
IVE (w,0)72r,) = IVEE(w,v) = VE(w,0)|72(r,) + IV Ee(w, v)||72(r
+ 2(VE{(w,v) — VE(w,v), VE(w,v)) 2R, (A.18)

But, taking into account that E(w,v) = E.(w,v) apart from the set R, = {(s,7) € R, : 0 <
s < ¢,1—¢€<s< 1} which has measure of the order of ¢V, then

‘(Eé(’LU,U) — E (w,v), Ec(w,v))m(m)l < HEE(U),U) - Ef(waU)HL'Z(RE)“EtE(w)U)HLQ(RC)

N+2
<O ||wlloy e [lollew,n < CeMH lwllovaylvllewn

and with a similar argument

] 0EE(w,v) O0FE(w,v) 0E(w,v)
I(VEC(?‘U:U) - VEE(w7U)7VE€(wa,U))L2(Rs) < H 088 - Os HLZ(Re)HT“L?(RC)
< CeM|wlloy@yllvlleron

which proves the lemma. i

A4, 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:

Bi(p) = B(p,1)\B(p,p), for p<li,
DL = B(py, p) N Q, for 0 < p <,
Dﬁ = B(p1,p) N Q, for 0 < p <,
SL = QN BL(p), SR QN B.(p),
QL :Q\B(p07l)7 Q\B(pla )a
I ={m |S!2+ly12=p, s < 0},
1“1 ={(s,9): IS—1IQ+I@/12~p,8>1}

(o, '¢)L2(n) = fQ¢'¢a (&, %) L2 (ro) fLo

For a function v, defined in Qe, we write

(A.19)

1
0 e 1 — )
1/}6 - IFOI wﬂ U)e Irll /)C

With this we have the following result.

Lemma A.5. Letr > 1, T°, T! as in (A.2), TO

€ €r?

is a constant C' = C( ) such that

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

< C(N)e=N2( V| g,
(A.20)
< (V)e(_N+2)/2

T€0 wé l/)e
Tel Il)jf T517 wé
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Proof: We only prove the inequality for |74, —fg.w. The other is similar. Observe that
eDE = DE e s == 12, Tf we € HY(Q), we define ¢ (z,y) = Ye(ex, ey) para (z,y) € DF and
also a, = IDEL,-I fDeLr Ye = ID,,LI fDTL .. Thus,

1
el

1 / s -
£ =5 |CLE—'¢€<C ae—@DeO,- 2(T0
|F(1)’ o | “ ( )”LZ(FI)

< Cllac = Y llmozy = Cllac — ¥ llr2(pzy + ClIVPl| 12(psy.
Now, the Poincaré inequality ||a. — @ lr2pzy < ClIVY|Le (pL), implies that |ac — TPv| <
C’||V1/)6HL2(DTL). Since ||V, 1220y = € N“HV%/)eHL2 pi) We conclude that |a. — T2%| <
6(—N+2)/2”vwE ).
Following the same reasoning as above we obtain |a — T2t%| < "N D/2|| V1| 12 pry and
therefore

7 = B0,

|a’€ - Teow5| =

/Fg(ae —we(O,y))dy’

— TO%,|.

< ‘Tgowe — Q¢

€ we - feowe
- iowe
of the lemma. ]
Lemma A.6. There is a constant C = C(N) such that, if . € H'(Q) then,
N 2 EN 2 C(2) | In€|||vellzr(q), for N =2
0., _ 70 1L, Al ellH1(Q):
(Te wé Tr ’(/)E> + <T€ 7706 TT‘ 77[)6> < { C(N) 62—N[lw€‘lHl(Q), for N > 2 (A21)

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\;wf as above, 0 < p < r
We have that,

IV9elle, > IV0ell?, + IV, = IV, + 1V, +IVEL, + 1V,
But,

Hence, using |72, — in the previous inequality, we conclude the proof

Ived?, > min {IVxl?, : Txe =T, Txf—fgwe}
~ o~ 2
= (0w T0w.) min {| VR, : T =0, Tox = 1}

~ ~ 2
= (Tow - T C(N) e =2(1+0(1))
where we have used that the minimum is attained when X, is the solution of

_AXE = Oa SEL;'
TTOXE = 0? Tg‘i . 1a
,,7N~2

: ) 12
and min {HVX sk
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From Lemma A.5, we have that
[Vl > CONEN (T09, - T3,
Therefore
1992, + Ve, > CN) {(:f?we ~194.) + (o - wae)ﬂ N1+ of1))
> 2 o) (B~ To.) =21+ o(1))
With a similar reasoning we obtain an estimate for ||V1/15||ZERT + vaeHQDg- This concludes
the proof. |
Lemma A.7. There is a constant C = C(N) such that, if 9. € H*(Q) then,

C(2) | In€|*?||tbe|| 1 (), for N =2

0 Ly | < cllH(Q) A2
o] + [T < { C M2y, |y,  for N> 2. lesza)
Proof: The proof of this lemma follows from the previous and from the fact that T\Towe .

THe| < Clivell ). -

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

_Aue + Ue = Je il’l Qe
{ = g s (A.23)
on e ¢
—Awe+we =f, inQ (A.24)
88&71 ] O, in 5Q |
_é(g(ve)s)s =l = A/jefea in (O’ 1> (AZS)
ve(0) = w(0), (1) = we(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 || fellpr < 1, we have

, ) Ce?|lne|, for N =2
[lue — we”Hl(n) + [lue = UEHHl(RE) S (A.26)
Ce, for N > 2

Proof: Notice first that since || fe||y» < 1, we have that || fe||»(o) < 1, which implies that,
since p > N, we € W*P(Q) — C'(Q) and |Jwe||c1(q) < C with some constant C independent
of e. With a similar regularity argument, we can easily show that v. € C'([0,1]) and
lVeller o,y < C, with C independent of .
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The solutions of the three problems (A.23), (A.24),(A.25) can be obtained by a minimiza-
tion procedure. That is, if we define

_ )1 2 ¢ 2\dg —

Ae = ¢€r15111(r}76){2/ﬂﬁ(|\7¢| +¢°)dz /Q feaﬁd:v}
o d= 2 L 6V dg —

¢er1r}llr(lﬂ) {2 /QUVQSI + ) /Qfegbdx}

o=min {2 [ a6 + g8 - [96:6€ 20,1, 00) = witm), 600 = wdp)

then A, pe and 7, are attained in wu,, we, v, respectively, and only there.

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

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

1/
)\e < "/ (IV@EIQ + (bg) dz — / fg‘,OEd.’L'
2 Ja, o,

Il

e

= %/Q (|Vwe* + w?) dz — /Q fowedz + % / (Ve + 07) dz — . febedz
= e+ %/ (Vo> + 02) dz — R fevedz.
It follows from Lemr;la A4 (A.14) and (A.15)
5[ (vareyar < 5 [ (TP +) dor O ol

1 1
< eN"li/ (g(s)|vLl® + g(s)v?) ds + Ce™
0

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

fidz = / Mé(ff)vfdm/ M.(£.) (B — v)dz

R

= / 0(6)M,(fvuds + / Me(fe)(Be — ve)dz,

€

But,

[ ML) = v)de] < ML

. : N+2
LQ(RE)HUE i 'UeHLﬂ(RE) < CHJEHL‘J(RC)G : HweHcl((z)

and by Holder,

~ 1 N-1

L _N=2
I fell L2y < Nellpoag [ Bel> ™% <€ 7 ([ fell pogye (")

This implies

vz

NI
o =
S =

< Ce

| | M.(f) (B — ve)da| < CeNFI
RE
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In particular, we obtain the following upper bounds for A,

Ke & e e f G, (A.27)
To obtain the lower bounds, we proceed as follows. From the definition of A\, we have
1 .
r= 3 [ Vel ) da - [ s
L S (A.28)
= “/ (IVue® + Uf) dz — / feuedz + — / (IV'LLE\2 + uf) dz — feuedz.
2 Ja Q 2 JR, Re
But
1

1
5/ (IVue\Q + u?) dz — / Fotidli = 5/ ([Vu6 — Vwe + Vwe|? + (ue — we + we)z) dz
Q Q )

_/fe(ue_we‘f—we)dl‘
Q
= l/ (IVwe? +w?) dw—/fewedawl/ <|Vu6—VwE|2+(ue—w€)2>da:

+/Q(ue—we)we+/Q(VUE—Vwe)Vwe‘/fo(uf"wf)

1
= —/ (|Vwe* + w?) dz-/fewedxwtl/ (IVue = Ve + (ue — we)?) dz
2 Ja Q 2 Jq

(A.29)

where in the last equality we have used the integration by parts of f (Vue — Vw,) Vw, and
the fact that w, is the solution of the elliptic problem (A.24) in Q, that is

ow,

/Q (Vu, — Vw,) Vw, = /an (ue — we) o /Q (ue — we) Aw,
= [ (e w) (- w).

Also we have

1 1
9/ (IVuel® + u?) da:—/ fette dl—§/ (IVue = Vue + Vue* + (ue — ve +v)?) dz
’ R.

/ Foviede =~ N fe(ue — ve)
/RL (IVue = Vo> + (ue — ve)?) + % /G(JVUJQ +v7)
+/E(vu6~wé)we+/ (tte — ve)ve

€

fevedz — fe(ue — ve).
Re

[\Z)Ix»—l

Re

(A.30)
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But
/ (Ve — VI VU: = / (aug B 82}6)81;6
: o i A.31
_ 0u5_(9Meu5)@£+/ (aMeuc_ave)%_[ L (A.31)
= Re 88 83 aS R 88 83 83 =11 2.

First we analyze I;. Observe first that with the change of variables y = eLy(z), (see (2.1)
and (2.2) for the definition of Ly and L), we get

1 [ 1
T Ue (S, Y dy:/ ug(8,eL,(2 SJS z)dz

This implies that

dM,u, d [ Jr,(2) / Ou, Jp.(2)
s) = — Ue(S,eL(2 = —(8,eL4(2 = dz
2O =g L el Tare= [ oL ()

3] Jr, (2)
+/B(o,1) Vyue(s,eLs(2))e 5-(Ls(2)) =5r-dz

0 s
[ s (a) o (T (2)/ Tl
B(0,1)
- [(1 + K2 + f(g
Undoing the change of variables in K, we get

1 Ou,

K, = oN-T E(S,y)dy

e

Moreover, using that ’QL—(;(—“Z)

< C and undoing the change of variables, we have

| K| < Cs/ |V tiel8,6L512))|Jz, (2)d2 < C%:s_/ [Vyue(s,y)|dy
J B(0,1) l €| I3

Now,
Ky = ug(s,gLs(z))%giD(z)dz
1.3(0:1) .
_ /B(O (we(o,6L,(2) = (MEUE)@»W@@
, o(Jr,/IT3)
L)) [ TR e
But,
d(Jr,/IT3]) T

/B(o.l) Os ()= = dS ‘Fbl / B(0,1) ="

because g, Ji.(2)dz = |T9].
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Similarly undoing the change of variables and using that 'w

1
[I(BI < CW \us(say) - Mgug(s){dy
€ L2

< C we have

Putting all the estimates together, we get

'dj\/[EuE
ds

Now,

a € 1
(5) = MG < O ([ uelsv) = Meelo)ldy + e | (9.5, )le)
Is e

T2

\L| < CellvillparallVytell2(rey + Cllvll2(roy llue — Mete|| 12,
But by Poincare inequality,
Hua - ‘/WEU’E”L2(R5) < C’g”vquHLQ(Rs)

which implies that
11| < Cellvllpe(ray [ Vyell 2(re)
But we obviously have uniform estimates of l|vellm10,1). Hence, we have that

N1 1
1] € Ce™2 || V,ue < CeNtl + Zl-nvyugnizms)
and observe that ||Vyuc|3s 5.y < [[Vue — VUe||Z2g,y, Which implies
1
|L] < CeM*t + ZHVUE ~ Velli2(r,)-

On the other hand, observe that

I, = eN-1 / (Meue) — o)g(s)o,
.- / (Metse — v0) (9()0!)’ + (Mot — ve)(g(s))]o
== [ (e = 00— gDMh] + (M = ) g5l

= —/ (Ue — Ve ) Ve +/ (ue — ve) fe + / (Meue — ue) fe + eN_l[(]V[Gu6 —ve)(g(s)v)].
RE € RE
(A.32)
From which we obtain

/ (IVue* + v?)de — | foudz = / (V> +v?)dz — / fevedz
R. . Q

+ / (IVue = Voe|? + (ue — ve)?)dz + &(€) + n(e) + I,
‘ (A.33)

R

where x(e) = [ (Mcue — uc) fe and n(e) = eV [(Meu, — ve)(g(s)v!)]3.
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From (A.5) (Lemma A.3), we obtain that

|k(e)] <

/ (ue — Meue) fe

€

< Jue = Meuel| Lo roy || fell L2 (ro)

No1 L=N,
S Ce? lue = Meuel|r2(r,) (6 ’ ||ff||L2(Rf)>
(A.34)

N+ 1
< Ce't IVyullzry < Ce™* + ZHVWH%Z’(RE)
1
< C N+l + ZHVU = V’UeHiz(Re)

where we have used that €%er“L2(Re) -4 CG—I—TNH](IEIILP(RE) &,
We estimate now n(e). For this, note first that v.(0) = w.(0,0) and v, (1) = w,(1,0). In
particular,

1 ¢
T2 (we — )| = fF_Ol| Fo(we((),l/) — we(0,0))dy| < W/ro yldy [[wellor(ae) < Cellwellor )

and similarly, we obtain
| THwe — ve) < Cellwellcray)

Hence,

In(e)] < Ce"H(|T (ue) — ve(1)] + 1T (ue) = ve(0)l|vellor o,y
< CH(|T (ue — wo)| + [T (we) = ve(D)] + [T (e — we)| + [T (we) = ve(0)])l[vellor o,

< OV (T e = we)| + [T2(we ~ wo)lvellez o,y + Ce¥ llvellcn oy lhwellengan

But using the fact that [|v|lci(o,1)), [[wellcr@y) < C and applying Lemma A.7 with 1, =
Ue — We, WE get

In(e)] < C<N)EN—1 “Teo(ue = )| [T (e = ve)|] + Ce

< C(ON(€))2||uc — well iy + Ce™

where
¢?|Ine|, for N =2
B le) =
e, for N > 2.

and therefore
1 ;
In(e)] < COn(e) + ZHUe = waill(Q)'

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

12 ) 3 ) 2 2 _
/(|w4 + u?)dz /RE feuedm/ﬁ(lvufl + v;)dz /Qfsvedfc (A35)

- e = 0y ~ 3l wellngey — COV) (o)
Thus,
A et €7t L~ il + 2l = vlgm, — CONE)
Since we have obtained that A < pe + eV ~l7, + Ce¥, and €V < Oy (e), then
lJue — well3 () + Ilue — Vel i () < CON(e).
This completes the proof of the proposition. |

Lemma A.9. Let {f.} be a sequence such that f. € U? and | fellur < 1. Then, there are
functions f € LP(Q) and h € L2(0,1) such that

/few dm——>/fwdx
1

GN_l fevedCE‘—)/O g(s)h(s)v(s)ds

and

0
whenever |lwe — wl| Ly g +5 p ”'1)6 V| o () L )

Proof: Note that “fe“Ue < 1 means
| tt4a) [ (fopas <1

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

/ fewedr — / fwdx
whenever ||we — w||zr(q) — 0.

Also note that, writing z = (s,y) with s € R, y € R¥=! and e = y, we have that

1 [ Gd@paa < [ (GG, oppasdy < 1

where f,(s,7) = fe(s,€g). So, there exists A € LP(Ry) such that fe = h weakly in LP(Ry).
Let us show that A is independent of y. Note that, if ¢ € CO (Ry) then,

[ s 26

If follows that, for all ¢ € C°(Ry)

e—0

s, 9)dsdy = (s y (s,y)dsdy — 0.

—d = 0.
9y !
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Hence, ﬁ(s,y) = g(s)h(s) for some h € L?(0,1). Furthermore, if G%H’Ue — V||oiry) — O
then,
1

N-1
€ R,

fo(@)ve(z)dz — /O gls)hle) i) d
[ |

Now we show the following result,

Proposition A.10. Let p > N and consider a sequence f. € UP with ||f||y» < 1. Let
(f,h) € LP(Q) x L(0,1) such that f. — (f, h) weakly in the sense of Lemma A.9. Then

1
l’ue_lw!lHl(Q)+ m“@tf—UHHl(Re) — 0 (A.36>

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

—-Auc+u. =f, inQ, -Aw+w =f, inQ
A
{ Qe =0, in0Q., { w =0, indQ (A-37)
~Lgv),+v =h, in(0,1) e
v(0) =w(0), wv(1)=w(l).

Proof: If w. and v, are given by (A.24) and (A.25) respectively, and taking into account
that p > N and f. — f weakly in LP(Q2) we easily obtain that ||w. — wl|c1@q) — 0, which
also implies that ||we — w||g1(q) = 0. From Lemma A.8 we get that

||ue = wHHl(Q) — 0.

Moreover, since w, — w in C°(Q) and M,f. — h weakly in LP(0,1) it is very simple to
see that we have
HUG — IU”HI(O,l) —0
which implies that
1

EN—l

[|lve — UH?P(RE) — 0

Hence, with this last statement and using Lemma A.8 we get
1 1
E(N_—l)/z”“ﬁ . UHHI(RE) < m(Hue - ’UEHHI(RE) |l — ’U”HI(RE)) — 0

which proves the result. |
We obtain now a result on uniform L*°(€) bounds for the family of solutions {uc}ccjo,1

of the problem (A.23). This result will show part ¢) of Proposition 2.7.

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

luel| Loy < C (A.39)
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Proof: Let us define the functions u! and u? as the solutions of the following problems

1 . .
aAuu + u, — ff‘Re’ in Q. (A.40)
5 = 0, in 0
and
2 _ .
aAuu + uZ fffln’ in €2, (A1)
5= =0, in 0,

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

[ell oo rey < el zoo(rey + llulll ooy < 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

=N
uellzeo(ry < Ce || fllzocry < || fllue-

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
Re = ([-6,0] x I?) UR. U ([1,1+ 4] x T'), then, there exists a k > 0 such that |u!| < k in
P(51+5 ({ 6}><F0) ({1+5}XF2)

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

62 2\ 62 2: _k e| Pe A.
et rs< [ woprs= [ -nocs< [ e e

Writing z = (s,y) with s € R, y € R¥~! and changing the variables (s, y) to (s,7) where to
€y = y we obtain from (A.42) that

VL 18P < [ Fe (A.43)
Ry Ry

Where ¢(s,7) = ¢e(s,ef) and f.(s,§) = fe(s, 7). Proceeding exactly as in Lemma B.1 iii)
of [8] we obtain that

. - " : 1411
H¢6H[{l RY) ||ffHLP(R1)|I¢e||Lp’(Rl) < er”LP(R1)”¢eHL7§%(R1)’—Aklpl+‘v E (A44)
where Ay = {(z,9) € R, : u> > k}. From this we have
- > L4l 1
16ell iy < M fellzogrn | Aul? 7772, (A.45)

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

I‘éc|lL1(él) S H(Z)eHLf’V IAk' w < CH¢6|,H1 Rl)lAkI ™ CerHLp R1)‘A1~1
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Since, for p > & we have that z% + 2 > 1, it follows from Lemma 5.1 in [34] that

18ell ooy = I1ell ooy < CllFllzorry = Ce'7 || fellzacay
with C' = C(Ry, N, p).
Step 3. We show that ||u?||1eq) < C.
After multiplying the equation (A.41) by ¥, = (u? — k)T, k > 0, and integrating by parts
we have that

ve2 62\ 62 52: e — e eWe. .
lAf¢|+ww\<[va|+ww 'A(f kw<<Afw (A.46)

€

Proceeding exactly as in Lemma B.1 iii) of [8] we obtain that

el oy < I fellotn el < Il fellimllel, g o | ARl 772 (A.47)
where A, = {(z,9) € Q: 4, > k}. From this we have
ellrray < Il felloy | Arl 7 T2, (A.48)
From (A.47) and (A.48) we have that
el 2y nmmTﬂM%PN < Cllellen (o) Ax) B < Ol fellogey | A7+

Since, for p > £ we have that 1 g 2 > 1, it follows from Lemma 5.1 in [34] that

2|l zoo(0) = ||@ellzo(e) < Cllfllzo@) = Cllfelle@
with C = C(Q, N, p).

Step 4. We show that [[ul|lze) < C and |[u?||ze(r,) < C. Observe that by the maxi-
mum principle [[uf||zeo@) < [[udllzeo(riure) and [ufl|zeo(r) < [|ulllzeo(riure), which both are
bounded uniformly in € by the previous steps. &l

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

Proof of Proposition 2.7: Observe that (1) follows directly from Lemma A.11.

If || felly» < 1, then by Lemma A.9 we can get a subsequence, that we denote by € again,
and (f, h) € U, such that if u. and (w,v) are given by (2.13) and (2.14), then (A.36) holds.
In particular, this shows 7). Moreover, from (A.36) we have

llue — wll2() + m”“e vllr2(ry = 0.
Holder’s inequality implies
1
HUE = wHLl(Q) + 6(—N_—I)—Hu€ = IU||L1(RE) — O (A49)
Since by Lemma A.11 we have ||u¢ — w||peo(q) + [|ue — v||zo(n) < C, interpolating this
estimate with (A.49), we obtain,

1
lue = wllza) + gz lve = vllzarg =0, 1< g < oo
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This shows 7). Finally, iii) is proved with i) and ) 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. 8
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