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Abstract. The purpose of this paper is to study a class of semilinear
elliptic boundary value problems with degenerate boundary conditions which
include as particular cases the Dirichlet and Robin problems. By making use
of the Morse and Ljusternik—Schnirelman theories of critical points, we prove
existence theorems of non-trivial solutions of our problem. The approach here
is distinguished by the extensive use of the ideas and techniques characteristic
of the recent developments in the theory of semilinear elliptic boundary value
problems with degenerate boundary conditions. The results here extend earlier
theorems due to Ambrosetti—-Lupo and Struwe to the degenerate case.

1. Statement of main results.

Let © be a bounded domain of Euclidean space RN, N > 2, with smooth boundary
09); its closure Q = QU I is an N-dimensional, compact smooth manifold with bound-
ary. Let A be a second-order, elliptic differential operator with real coefficients such
that

N

Au = —Z;%<§:laij(x)$;) + c(x)u. (1.1)

i=1
Here:
(1) a¥ € C*(Q) and a¥(x) = a’*(x) for all z € Q and 1 < i,j < N, and there exists a

positive constant ag such that

N
3 @)k > aolél? for all (z,6) € 2 x RV

i,7=1

(2) c€ C*(Q) and ¢(x) > 0 in Q.

Let B be a first-order, boundary condition with real coefficients such that

Bu = a(x’)g—z + b(x')u. (1.2)
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Here:

(3) a € C*°(09Q) and a(x’) > 0 on IN.

(4) be C*(09Q) and b(2’) > 0 on 9.

(5) 9/ov = Zﬁ;:l a’(z')nj0/0z; is the conormal derivative associated with the op-
erator A, where n = (ny,ng,...,ny) is the unit exterior normal to the boundary
o0.

Our fundamental hypotheses on the boundary condition B are the following:

(H.1) a(z') +b(z") > 0 on ON.
(H.2) b(z') #£ 0 on ON.

It is easy to see that the boundary condition B is non-degenerate if and only if either
a(z’) > 0 on 09 (the Robin case) or a(z’) =0 and b(z’) > 0 on 9N (the Dirichlet case).
Therefore, our boundary condition B is a degenerate boundary value problem from an
analytical point of view. This is due to the fact that the so-called Shapiro—Lopatinskii
complementary condition is violated at each point of the set M = {2’ € 9Q : a(z’) = 0}
(cf. [14]). Amann and Zehnder [3] studied the boundary condition B in the non-
degenerate case.

The intuitive meaning of condition (H.1) is that the absorption phenomenon occurs
at each point of the set M, while the reflection phenomenon occurs at each point of the
set N\ M = {2/ € 9Q : a(z’) > 0} (see [26]). On the other hand, condition (H.2)
implies that the boundary condition B is not equal to the purely Neumann condition.

In this paper we study the following semilinear homogeneous elliptic boundary value
problem: Given a real-valued function g(s) defined on R, find a function u(x) in © such
that

Au = du — g(u) in £,
ou (1.3)
Bu = a(x')a—y +b(z)u=0 on 09,

where A is a real parameter.

The approach here is based on the extensive use of the ideas and techniques char-
acteristic of the recent developments in the theory of semilinear elliptic boundary value
problems with degenerate boundary conditions ([28]-[31]). For example, in the case

where N = 3, a(z’) may be a function such that, in terms of local coordinates (1, z2)
of 99,

1 2 . 1
e MEagin2
z1 X2

a(') = e~ V/71 sin?

Therefore, the crucial point in our approach is how to generalize the classical variational
approach to the degenerate case (see Subsection 5.1).

In order to study the semilinear problem (1.3), we consider the linear elliptic bound-
ary value problem
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(1.4)

Au=f inQ,
Bu=0 onof)

in the framework of the Hilbert space L?(£2). We associate with problem (1.4) a densely
defined, closed linear operator

A L2(Q) — L2(Q)

as follows:

(1) D) = {u € W22(Q) : Bu=0 on 9Q}.
(2) Au = Au for every u € D(2).
Here and in the following the Sobolev space WP (Q) for k € N and 1 < p < oo is defined

as follows:

WHP(Q) = the space of functions u € LP(Q2) whose derivatives D%u,

|a] < k, in the sense of distributions are in LP({2).
Then we have the following fundamental spectral results (i), (ii), (iii) and (iv) of the
operator A (see [27, Theorem 5.1]):

(i) The operator 2 is positive and selfadjoint in L?(€2).
(ii) Let X; be the eigenvalues of the operator 2 that are arranged in an increasing
sequence

AM<X< <A< N,

each eigenvalue being repeated according to its multiplicity. The first eigenvalue
A1 is positive and algebraically simple, and its corresponding eigenfunction ¢; €
C®°(9) may be chosen to be strictly positive in 2. Namely, we have the assertions

Apr =M1 in Q,
¢1>0 in €,
B¢, =0 on 0N).

(iii) No other eigenvalues JA;, j > 2, have positive eigenfunctions.
iv) The family {¢,}52, of eigenfunctions of 2
JJ5=1

Bg; =0 on 0%

forms a complete orthonormal system of L?().

In this paper we assume that the nonlinear term g : R — R satisfies the following
two assumptions (A) and (B):
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(A) g € C'(R) and g(0) = ¢'(0) = 0.
(B) The limits ¢’ (+o00) satisfy the conditions

g (+00) = lim 9(s) = +o0.

s—+oo 8§

ExaMPLE 1.1. A simple example of the nonlinear term ¢(s) is given by the formula

g(s) =

sP for s > 0,
s|s|7t for s <0,

where p > 1 and ¢ > 1. It is easy to verify that g(s) satisfies conditions (A) and (B).

Since ¢g(0) = 0, then v = 0 is a solution of the semilinear problem (1.3) for all A.
In this paper we establish existence theorems of non-trivial solutions (i.e., u # 0) of the
semilinear problem (1.3). More precisely, our main purpose is to prove the following
existence theorem, which is a generalization of Ambrosetti-Lupo [6, Theorem] to the
degenerate case:

THEOREM 1.1.  Assume that conditions (A) and (B) are satisfied. Then we have
the following two assertions:

(i) For each A\ > A1, the semilinear problem (1.3) has at least two non-trivial solutions
uy, g with up >0 in Q and us < 0 in Q.

(ii) For each A > Az, the semilinear problem (1.3) has at least a third non-trivial
solution us different from wi and us.

Rephrased, assertion (i) of Theorem 1.1 states that the semilinear problem (1.3) has
at least two non-trivial solutions provided that the derivative f/(s) = A — ¢'(s) of the
function

fs) = As —g(s)
crosses the first eigenvalue Ay if |s| goes from 0 to co (see Remark 1.1 below):
f'(0) = —c0 < Ap < A= f(0).
Similarly, assertion (ii) of Theorem 1.1 states that the semilinear problem (1.3) has
at least three non-trivial solutions provided that the derivative f'(s) = X — ¢'(s) of f(s)
crosses the two eigenvalues Ay and A if |s| goes from 0 to oo:

f(00) = —c0 < A1 < A2 < X = f(0).

REMARK 1.1. It is worth pointing out that the bifurcation solution curve (A, u) of
problem (1.3) is “formally” given by the formula
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glu
A=A+ % (1.5)

since the first eigenvalue A\; is the unique eigenvalue corresponding to a positive eigen-
function of the operator 2. Indeed, if we write problem (1.3) in the form

Au = Au — g(u) = <)\— g(“))u,

u

>0 in §,

then it follows that Ay = A — g(u)/u. This proves formula (1.5). The situation may be
represented schematically by Figure 1.1.

U
g(u)
= )\ e
Uy H 1+ U
I
0 Al A

Figure 1.1.

Our proof of Theorem 1.1 is based on Morse theory on Hilbert spaces developed by
Palais [18], Palais—Smale [20] and Marino—Prodi [16].

REMARK 1.2. (a) If A < Ay, then the semilinear problem (1.3) in the Dirichlet
case could have only the trivial solution « = 0. This is the case if sg”(s) > 0 for all
s # 0 (cf. [4, Example 3.5]).

(b) The existence of a positive solution and a negative solution of the semilinear problem
(1.3) for all A > Ay is well known in the Dirichlet case (cf. [21]).

(¢) Struwe [25] considered the Dirichlet problem under the condition that the function
g(s) is Lipschitz continuous. He proved assertion (ii) if the function s — g(s)/s is
increasing ([25, Propositions 1 and 2]). Hence Theorem 1.1 is a generalization of
Struwe’s result to the degenerate case. Moreover, under the condition that

9(s) < ¢'(s) for almost all s # 0, (1.6)
s

Ambrosetti-Mancini [7] proved that the semilinear problem (1.3) in the Dirichlet
case has precisely two non-trivial solutions for Ay < A < Az (7, Theorem 1.7]).

If g(s) is an odd function of s, then we can improve assertion (ii) of Theorem 1.1.
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In fact, the next existence theorem is a generalization of Ambrosetti [4, Theorem 3.1],
Hempel [13, Theorem 2] and Thews [32, Theorem 3] to the degenerate case:

THEOREM 1.2.  Let g(s) be a function as in Theorem 1.1. Moreover, if g(s) is an
odd function of s, then the semilinear problem (1.3) has at least k pairs of non-trivial
solutions for all X > Aj.

EXAMPLE 1.2. A simple example of the nonlinear term ¢(s) is given by the formula
g(s) =slsPP~, p>1.

Rephrased, Theorem 1.2 asserts that the semilinear problem (1.3) has at least k
pairs of non-trivial solutions provided that the derivative f'(s) = A—g’'(s) of f(s) crosses
the eigenvalues A; through Ay if |s| goes from 0 to oo:

flo0) = =00 <A <A < < M\ < A= f(0).

Our proof of Theorem 1.2 is based on the Ljusternik—Schnirelman theory on Hilbert
spaces developed by Schwartz [22], Palais [19] and Clark [10].

The rest of this paper is organized as follows. Our proof will be carried out by
looking for the solutions of the semilinear problem (1.3) as critical points of a suitable
energy functional F' on some Hilbert space H, which will be studied by means of Morse
theory. Section 2 is devoted to minimax methods. First, we introduce a notion of
compactness due to Palais and Smale (Definition 2.1) which plays an essential role in
the calculus of variations in the large. By virtue of Ekeland’s variational principle and
the Palais—Smale condition, we can make use of the minimization method (Theorem
2.2). In Section 3 we prove a four-solution theorem based on Morse theory on Hilbert
spaces (Theorem 3.8). Theorem 3.8 is an existence theorem of critical points of an energy
functional f on a Hilbert space H, which will be studied by means of Morse theory. Morse
theory is concerned with relating the structure of the critical point set of f with relative
homology types of the pair (H, f) (see [17]). Theorem 3.8 is based on the so-called Morse
inequalities (Theorem 3.6). Section 4 is devoted to the Ljusternik—Schnirelman theory
on Hilbert spaces which is used in the proof of Theorem 1.2. We mention that the notion
of genus introduced by Krasnosel’skii is a topological invariant for the estimate of the
lower bound of the number of critical points. In fact, we state an analytic version of
the multiplicity theorem of the Ljusternik—Schnirelman theory specialized to the case
of an even functional on a Hilbert space (Theorem 4.2). In Section 5 we introduce the
notion of weak solutions of the semilinear problem (1.3) (Definition 5.1), and prove that
any weak solution of the semilinear problem (1.3) is a classical solution in the usual
sense (Theorem 5.3). This section is the heart of the subject. In Subsection 5.1 we
introduce an underlying Hilbert space H for the study of the semilinear problem (1.3)
(Theorems 5.1 and 5.2). The crucial point in our variational approach is how to use the
theory of fractional powers of selfadjoint operators as in [28]. In Subsection 5.2 we prove
Theorem 5.3. The proof of Theorem 5.3 is essentially based on the regularity, existence
and uniqueness theorems for the linear elliptic boundary value problem (1.4) developed
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by [26] and [27]. In Section 6 we prove assertion (i) of Theorem 1.1. Since we have not
assumed any growth condition on g(s), we truncate the right-hand side in the semilinear
problem (1.3) and make use of the maximum principle for the Dirichlet problem. By using
Theorem 2.2, we can find a positive solution u; and a negative solution us of problem
(1.3). In Section 7 we prove assertion (ii) of Theorem 1.1. This section is divided into
four subsections. To handle the general case, the proof is based on a Lyapunov—Schmidt
procedure and a slight modification of the classical Morse inequalities. More precisely,
the main idea of Subsections 7.1 and 7.2 is to rewrite the semilinear problem (1.3) in
a suitable bifurcation system (7.8) and (7.9) (the Lyapunov—Schmidt procedure) and to
solve the first (infinite-dimensional) equation (7.8), by using the global inversion theorem
(Proposition 7.1). In Subsection 7.3 we deal with functionals which may have degenerate
critical points, by using a perturbation argument and Sard’s lemma (Lemma 7.2). In
Subsection 7.4, by using Lemma 7.2 and applying Theorem 3.8 to our situation we can
find a third non-trivial solution wus different from w; and us constructed in Subsection
6.2. The last Section 8 is devoted to the proof of Theorem 1.2. By virtue of Theorem
5.3, we have only to prove Theorem 1.2 for weak solutions. The proof of Theorem 1.2
is based on the multiplicity theorem specialized to the case of an even functional on a
Hilbert space (Theorem 4.2).

2. Minimax methods.

This section is devoted to minimax methods. It is known that the direct method does
not work in the lack of compactness. Indeed, we can find only approximate minimizers.

To do so, we make use of the following Ekeland variational principle (cf. [9, Theorem
4.8.1)):

THEOREM 2.1 (Ekeland). Let (X,d) be a complete metric space and f : X —
RU{+o0}, but f # 4+o00. Assume that f is bounded from below and lower semi-continuous
on X. If there exist a constant ¢ > 0 and a point x. € X such that

flze) < xlgg( f(z) +e,

then we can find a point y. € X which satisfies the following three conditions:

(a) flye) < flae).
(b) d(l’g,ye) S 1.

(¢) f(x) > f(ye) —ed(ye,x) for all x # ye.

First, we introduce a notion of compactness due to Palais—Smale [20] which plays
an essential role in the calculus of variations in the large:

DEFINITION 2.1. Let H be a Hilbert space and f € C'(H, R). We say that f
satisfies (PS). condition (the Palais-Smale condition) for a constant ¢ € R if every
sequence {u;}?2, in H such that f(u;) — c and Vf(u;) — 0 as j — oo contains a con-
vergent subsequence. If f satisfies (PS). condition for every constant ¢ € R, then we say
that f satisfies (PS) condition. Here and in the following V f denotes the gradient of f.
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By virtue of Ekeland’s theorem and the Palais—Smale condition, we can make use of
the minimization method. In fact, we obtain the following (cf. [9, Corollary 4.8.4]):

THEOREM 2.2. Let H be a Hilbert space and f € C*(H,R). Assume that f is
bounded from below on H and satisfies (PS). condition with the constant

¢ = inf f(x).

zeH

Then f has a minimum.

3. Morse theory on Hilbert spaces.

In this section we state two results of Morse theory on Hilbert spaces which will be
used later on. First, we establish the famous Morse inequalities between relative homol-
ogy groups and critical groups (Theorem 3.6). Secondly, by using Morse inequalities we
prove a four-solution theorem (Theorem 3.8). For more details, the reader might refer to
Palais [18], Marino—Prodi [16, Section 2], Schwartz [23, Section 4] and also Chang [9].

3.1. Non-degenerate critical points and the splitting theorem.

Let H be a real Hilbert space with inner product (-,-)y. If f € C*(H,R) and u € H,
then its Fréchet derivative df (u) at w is a bounded linear functional on H. Moreover, it
follows from an application of the Riesz representation theorem ([34, Chapter III, Section
6, Theorem]) that there exists a unique element V f(u) of H such that

df (u)(v) = (Vf(u),v)y forallve H.

The element V f(u) of H is called the gradient of f at u. We can identify df (u) with
Vf(u). If Vf(u) # 0, then w is called a regular point of f and if Vf(u) = 0, then u is
called a critical point of f. If c € R, then f=1(c) = {z € H : f(p) = c} is called a level of
f and it is called a regular level of f if it contains only regular points of f and a critical
level of f if it contains at least one critical point of f.

Furthermore, if f € C?(H, R), then there is a dichotomy of the critical points of f
into degenerate and non-degenerate critical points. To do this, we define the derivative
D%f(u) of Vf at u by the formula

d*f(u)(v,w) = (D*f(u)v,w)y forallv, w € H.
Then we find that the linear operator D? f(u) is selfadjoint on H:
(D?f(u)v,w)y = (v, D*f(u)w)y for all v, w € H.
A critical point u of f is said to be non-degenerate if D? f(u) has a bounded inverse;
otherwise it is said to be degenerate. We also define the Morse index of D?f(u) to be
the supremum of the dimensions of linear subspaces of H on which D?f(u) is negative

definite.
The finite-dimensional version of the following canonical form theorem is due to M.
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Morse (cf. [9, Theorem 5.1.13]):

THEOREM 3.1 (the splitting theorem). Let H be a Hilbert space. Let U be a convex
neighborhood of 0 in H and f € C?*(U, R). Assume that 0 is the only critical point of
f. If A = D%f(0) is a Fredholm operator with N = Ker A, then there exist an open
ball B C U about 0, an origin-preserving homeomorphism ¢ defined on B and a C'-map
h:BNN — N* such that

(fop)y+§) = %(Aé,S)H + fly+h(y)) forallye BNN and €€ BNN*.

3.2. Relative homology groups.
Let G be an Abelian group. The rank of G, denoted by rank GG, is the maximal
number k for which

k
Znigi =0 with n; € Z and g; € G = n; = 0 for every 1.
i=1

Given a pair (X,Y) of topological spaces with ¥ C X and a non-negative integer
¢, we consider the relative singular homology group H,(X,Y; G) where G is a coefficient
Abelian group.

We let
B4(X,Y) =rank H (X, Y; G),
X(X7 Y) = Z(—l)qﬂq(X) Y)
q=0

The number G,(X,Y) is called the g-th Betti number of (X,Y’) and x(X,Y) is called the
Euler—Poincaré characteristic of (X,Y), respectively.

3.3. Deformation retract and the non-trivial interval theorem.

In the degree theory, the excision property and the Kronecker existence theorem are
useful in the study of fixed points. In the relative homology theory, the excision property
is related to deformation argument.

Let X be a topological space. A deformation of X is a continuous map 7 : X x[0, 1] —
X such that n(-,0) = id on X. Let (X,Y") be a pair of topological spaces with Y C X
and let ¢ : Y — X be the injection. A continuous map r : X — Y is called a deformation
retract if it satisfies the conditions

roi=idonY,

ior~idon X,
where the relation ~ denotes the homotopy equivalence. In this case, Y is called a
deformation retraction of X.

A deformation retract r : X — Y is called a strong deformation retract if there exists
a deformation 7 : X x [0,1] — X such that
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n(-,t) =id onY forall0 <t <1,
n(,1)=ior on X.

The next theorem asserts that the excision property is related to a deformation
argument (cf. [9, Theorem 5.1.6]):

THEOREM 3.2 (the non-critical interval theorem). Let f : H — R be a C* function
satisfying (PS). condition for all ¢ € [a,b], and let K be the set of critical points of f.
If f~Ya,b])) N K = 0, then f* = f~1((—o0,a]) = {z € H : f(z) < a} is a strong
deformation retraction of f* = f~1((—o0,b]) = {x € H : f(x) < b}.

It should be emphasized that if Y is a strong deformation retraction of X, then it
follows that

H,(X,Y;G)=0, ¢=0,1,2,....
Therefore, by using the long exact sequence
-— Hy (X,Y5G) — Hy (Y3 G) — Ho(X;6G) — Ho(X,Y;6) — -+
we obtain the formulas
H,(X;G)= H(Y;G), ¢=0,1,2,....

The next theorem asserts that the non-triviality of H.,(f®, f%;G) implies the exis-
tence of a critical point of f in f~1([a,b]) (cf. [9, Theorem 5.1.2]):

THEOREM 3.3 (the non-trivial interval theorem). Let f : H — R be a C function.
If there exist a non-negative integer q and a pair (a,b) of numbers with a < b such that the
relative homology group Hy(f°, f% G) is non-trivial, then it follows that f~([a,b])NK #
0.

3.4. Critical groups and Morse type numbers.
In this subsection we study the local behavior of non-degenerate critical points. To
do this, we introduce the following (cf. [9, Definition 5.1.11]):

DEFINITION 3.1.  Let f € C'(H, R) and let z be an isolated critical point of f. If
U is a neighborhood of z such that U N K = {z}, then we let

Co(f,2) = Hy(fNU, (f*\{=})NU;G), ¢=0,1,2,...,
fe=1" (=00, d) ={z e H: f(z) <¢}, c=[(2),
where

K={xeH:Vf(z)=0}
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is the set of critical points of f.
The relative homology group Cy(f, z) is called the g-th critical group of f at z.

By virtue of the excision property of relative homology groups, the Definition 3.1
is well-defined. Namely, the group C,(f,p) is independent of the neighborhood U of p
chosen.

First, we have the following (see Remark 3.1 in Subsection 3.5):

ExAMPLE 3.1. Let f € C'(H,R) and let z be an isolated local minimum of f.
Then we have the formula

G ifg=0,
0 ifg>1.

Cl](faz) = {

By using the splitting theorem (Theorem 3.1), we can study the local behavior of
non-degenerate critical points (cf. [9, Subsection 5.1.3, Example 3]):

EXAMPLE 3.2. Let f € C?(H, R) and let z be a non-degenerate critical point of f

with Morse index j. Then we have the formula
G ifqg=j,

CQ(fv Z) = . .

0 ifg#j.

Assume that f € C*(H, R) has only isolated critical values c;, and further that each
value ¢; corresponds to a finite number of critical points, say

el o< << < e <y (31)

fTHe)NK ={z1,24,...,20.}, i=0,+£1,42,.... (3.2)
For a pair (a,b) of regular values of f with a < b, we let

My(a,b) = Z rank H, (%, f97:,@Q), ¢=0,1,2,....

a<c;<b
where

0<e; <min{ci+1 —ci,ci—ci,l}, 1 =0,+1,4+2,....

If the function f(z) satisfies (PS) condition, then it follows from an application of the

non-critical interval theorem (Theorem 3.2) that the numbers M, (a,b) are independent

of {&;} chosen. The number M,(a,b) is called the ¢-th Morse type number of f on (a,b).
More precisely, we have the following (cf. [9, Theorem 5.1.27]):

THEOREM 3.4.  Assume that f € C'(H, R) satisfies (PS) condition, and has an
isolated critical value ¢ corresponding to a finite number of critical points, say
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Y ONK ={z1,20,...,2m}
Then we have, for € > 0 sufficiently small,

m

Hq(fc+safc_E;G)g@cq(fﬂzj)7 q:071727""

j=1

In view of Example 3.2, the next corollary asserts that the number M,(a,b) is equal
to the number of critical points of f in (a, b) with Morse index ¢ (cf. [9, Corollary 5.1.28]).

COROLLARY 3.5. Let f: H — R be a C? function satisfying (PS) condition all
of whose critical points are given by the formulas (3.1) and (3.2). For a pair (a,b) of
reqular values of f with a < b, we have the formula

M,(a,b) = Z Zranqu(f,z;-), qg=0,1,2,....

a<c;<bj=1

3.5. Morse inequalities.

In this subsection we establish the famous Morse inequalities between relative ho-
mology groups H.,(f°, f% G) and critical groups C,(f; 2).

Let f : H — R be a C? function satisfying (PS) condition all of whose critical
points are non-degenerate. Let (a,b) be a pair of regular values of f with a < b, and let
f¢ = f1((~o0,a]) and fb = f~1((—o0,b]), respectively. For each non-negative integer
q, let B,(a,b) denote the g-th Betti number of (f°, f¢):

Bq(a,b) = 1r8Lnqu(fb,f“;G)7 q=0,1,2,....

Then we have the following ([18, Theorem (7)]):

THEOREM 3.6 (Morse inequalities). Let f : H — R be a C? function satisfying
(PS) condition all of whose critical points are non-degenerate. For a pair (a,b) of regular
values of f with a < b, we have the inequalities

and
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By combining Corollary 3.5 and Example 3.1, we can obtain the following (cf. [18,
Corollary (2)]):

COROLLARY 3.7. Let f : H — R be a C? function satisfying (PS) condition.
Assume that f is bounded from below on H and further that f has only isolated local
minima and non-degenerate critical points of positive Morse index. For a regular value
b of f, we let

Br(b) = rank H,(f’ G) = the k-th Betti number of f*, k=0,1,2,...,
Co(b) = the number of isolated, local minima of f,

Cn(b) = the number of non-degenerate critical points of f

with Morse index m in f°, m=1,2,....

Then we have the inequalities

k

m=0 m=0

and

k=0 k=0

REMARK 3.1. Ambrosetti [5] observed for the first time that it is possible to include
in Cy(b) the possibly degenerate, isolated, local minima of f as in Corollary 3.7. More
precisely, the justification relies on the following fact: If ug is a local, isolated minimum
of f, then we let (see Definition 3.1)

U ={ueH:|lu—wlg<e flu)<f(un)},

and evaluate the relative homology groups H,(U~,U~ \ {uo};G). Here it should be
emphasized that up need not be non-degenerate with finite Morse index (cf. [16, Theorem
1.2]). Indeed, it suffices to take a positive constant € so small that U~ = {ug}. Then we
have the formula

1 ifg=0,
rank Cy(f,up) =rank Hy (U, U™ \{uo}; G) = { (3.4)
0 ifg>1.

This fact may be used to show that the Leray—Schauder index of such a point is equal
to one (cf. [2]).
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By using Morse inequalities, we can prove the following four-solution theorem (see
[6, Lemma 2.2]):

THEOREM 3.8.  Assume that f € C?(H, R) is bounded from below and satisfies (PS)
condition. Assume further that the following two conditions (1) and (ii) are satisfied:

(i) uw=0 is a non-degenerate critical point of f with Morse index qo > 2.
(i) f has two local minima uy and us.

Then f has at least another non-zero critical point us.

PROOF. Assume, to the contrary, that f has only three critical points u;, us and
0. We may assume that local minima are isolated, for otherwise we are done. Then, by
applying Corollary 3.7 with

b > max{ f(u1), f(u2), f(0)}

and by using formula (3.4) with ug := w1, us and Example 3.2 with z := 0, we obtain
from conditions (ii) and (i) that

2 ifg=0,
Cq(b) = ¢ 0 if ¢ > 1 with ¢q # qo,
1 ifg=qp.

This implies that C(b) = 0, since ¢o > 2. Hence we have the formula
C1(b) — Co(b) = —2. (3.5)

On the other hand, in light of the non-critical interval theorem (Theorem 3.2) we
find that f? is a strong deformation retraction of H. Hence it follows that

1 ifg=0,

By(b) = rank H,(f; G) = rank Hy(H; G) = {0 ifg>1.

In particular, we have the formula
P1(b) = Po(b) = —1. (3.6)
Therefore, we obtain from formulas (3.5) and (3.6) that
C1(b) = Co(b) = =2 < =1 = B1(b) — Bo(b). (3.7)

This contradicts inequality (3.3).
The proof of Theorem 3.8 is complete. 0
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4. Ljusternik—Schnirelman theory on Hilbert spaces.

This section is devoted to the Ljusternik—Schnirelman theory on Hilbert spaces which
is used in the proof of Theorem 1.2 in Section 8. More precisely, we state an analytic
version of the multiplicity theorem of the Ljusternik—Schnirelman theory specialized to
the case of an even functional on a Hilbert space (Theorem 4.2). For more details, the
reader might refer to Palais [19], Schwartz [22] and Chang [9].

4.1. The Krasnosel’skii genus.

In this subsection we introduce the notion of genus due to Krasnosel’skii.

Let H be a real Hilbert space. A subset A of H is said to be symmetric with respect
to the origin 0 if it satisfies the condition

ueA = —ucA
A map f: A— R" is said to be odd if it satisfies the condition
f(=z)=—f(x) forallze A.
DEFINITION 4.1.  Let
A={AcC H\{0}: A is symmetric}.
If A € A, then we define its Krasnosel’skii genus v(A) by the formula

the least integer n such that there is an odd map ¢ € C'(A4, R™\ {0}),
~v(A) = ¢ 400 if there is no such odd map ¢, (4.1)
0 if A=0.

REMARK 4.1. If A is a closed subset of H, then we may replace the condition that
there is an odd map ¢ € C'(A4, R™ \ {0}) in formula (4.1) by the condition that there is
an odd map ¢ € C(H, R"™) such that

P(x) #£0 forall z € A

Indeed, we can construct an extension map ¢7 € C(H,R") of ¢ if we make use of the
Tietze extension theorem ([11, Theorem 4.1]).

We list some basic properties of the Krasnosel’skii genus:
(1) If A, B € A and if there exists an odd continuous map f : A — B, then it follows
that

7(4) < ~(B).
In particular, if A C B, then we have the monotonicity

v(A) < y(B). (4.2)
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(2) If A and B € A, then we have the subadditivity
V(AU B) <~(4) +7(B). (4.3)

(3) If n is an odd continuous map of A into H, then we have the deformation non-
decreasing property

7(A) < v(n(4)). (4.4)

(4) If A € Ais compact, then it follows that v(A) < 4+o00. Furthermore, we can find
an open symmetric neighborhood U4 of A such that the closure Upof Uy belongs to A
and satisfies the continuity condition

7(Ua) = 7(4). (4.5)

(5) If p is an non-zero element of H, then [p] = {p,—p} € A and we have the
normality

v([p)) = 1. (4.6)

(6) If A € A and if y(A) = m, then there exist at least m distinct points in A.

This property follows by combining the subadditivity (4.3) and the normality (4.6).

(7) If A € A and if there exists an odd homeomorphism of the n-sphere S™ onto A,
then it follows that

Y(A) =7(S") =n+1.

4.2. The multiplicity theorem.

We mention that the notion of genus introduced by Krasnosel’skii is a topological
invariant for the estimate of the lower bound of the number of critical points. In fact,
the next multiplicity theorem is the main theorem of the Ljusternik—Schnirelman theory
specialized to the case of an even functional on a Hilbert space (see [10, Theorem 8];
[19, Theorem 7.1]; [9, Theorem 5.2.18]):

THEOREM 4.1 (the multiplicity theorem). Let H be a real Hilbert space. If f €
CY(H, R) is an even function, then we let

Cn = inf su x), n=1,2,.... 4.7
(=it sup f(a) (47)
Assume that

c=cr1(f) = = crrm(f)

is finite and that f(x) satisfies (PS). condition. Then it follows that
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'Y(KC) >m,
where
K.={zeH: f(z)=¢, Vf(x)=0}

is the set of critical points of f at level c.

By virtue of assertion (6) of the Krasnosel’skii genus in Subsection 4.1, we obtain
that there exist at least m distinct points in the set K. of critical points of f at level c.

Moreover, we can obtain the following analytic version of Theorem 4.1 (see [9, The-
orem 5.2.23]):

THEOREM 4.2. Let H be a real Hilbert space, f € C*(H,R) and a < b. Assume
that f(0) > b and that f is an even function and satisfies (PS) condition. Moreover, we
assume that the following three conditions (1), (ii) and (iii) are satisfied:

(1) There exist an m-dimensional linear subspace V of H and a constant p > 0 such
that

swp  flz)<b (45)
zeVNS,(0)

where 5,(0) = {x € H : ||l = p}.
(i) There exists a j-dimensional linear subspace W of H such that

xérl}‘i f(z) > a, (4.9)

where W is the orthogonal complement of W in H.
(iii) m > j.

Then [ has at least (m — j) pairs of distinct critical points.

5. Regularity of weak solutions of problem (1.3).

In this section we introduce the notion of weak solutions of the semilinear problem
(1.3) (Definition 5.1), and prove that any weak solution of the semilinear problem (1.3)
is a classical solution in the usual sense (Theorem 5.3). This section is the heart of the
subject. In Subsection 5.1 we introduce an underlying Hilbert space H for the study of the
semilinear problem (1.3) (Theorems 5.1 and 5.2). The crucial point in our variational
approach is how to use the theory of fractional powers of selfadjoint operators as in
[28]. In Subsection 5.2 we prove Theorem 5.3. The proof of Theorem 5.3 is based on
the regularity theorem and the existence and uniqueness theorem for the linear elliptic
boundary value problem (1.4) ([26, Theorem 8.2 and Theorem 9.1]), and may be proved
just as in [31, Theorem 3.3].
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5.1. Hilbert space H.
Since the operator 2 is positive and selfadjoint in the Hilbert space L?(Q2), we can
define its square root

C=AY?: [2(Q) — L*(Q)

as follows ([34, Chapter XI, Section 5, Theorem 2]):

Cu="> VAt 6m)L2()bm (5.1)
m=1

where the domain D(C) is the set

D(C) = {u S L2(Q) : Z >\m|(u,¢)m)L2(Q)|2 < OO}

m=1

Moreover, we can introduce an underlying Hilbert space H with inner product (-, ")y as
follows:

‘H = the domain D(C) with the inner product
(u, )1 = (Cu,Cv) 2y for all u, v e D(C).

The next theorem gives a more concrete and useful characterization of the Hilbert
space H (see [28, Theorem 3.1]):

THEOREM 5.1.  The Hilbert space H coincides with the completion of the domain
D) = {u € W*%(Q) : Bu =0 on 99}
with respect to the inner product

(u, v)1 = (Ru, v) L2

N : o
(%) U .
= E / a (I) = —mj dxr / C(x)u vdx

ij=1

b(z")
+ Su-vdo  for allu, v e D(A). (5.2)
{a(an) 20} 0(Z')

Here the last term on the right-hand side is an inner product of the Hilbert space L?(9S2)
with respect to the surface measure do of 0N).

Our approach is based on the following imbedding result for the Hilbert space H
(see [28, Corollary 3.2]):



Semilinear elliptic boundary value problems via Morse theory 357

THEOREM 5.2.  We have the inclusions
D) c HcCWh3(Q) (5.3)
with continuous injections.

REMARK 5.1. The following diagram gives a bird’s eye view of the right Hilbert
space H for the variational approach (see [12, Theorems 1 and 2]):

B H a(z") and b(z")
The Dirichlet case | Wy?(Q) | a(z’) = 0 and b(z') > 0
The Robin case W2(Q) | a(2’) >0 and b(2') £ 0
The degenerate case | D(A/?) (H.1) and (H.2)

First, we have, by formula (5.1),

Z )\m (bm L2(Q)" (54)
m=1

Indeed, it suffices to note the following:

(u, )3 = (Cu, Cu) 2 ()

<Z \/7 ¢m LQ(Q)¢m7 Z\/ﬁ u, ¢g Lz(Q)d)Z) .

Z U, bm) L2(Q) (5.5)

Secondly, since we have the Fourier series expansion formula

=3 (t,¢m)r20) dm  in L*(),
m=1

it follows that

8

(u,u)p2(0) = (Z Uy Prn) 12(Q) P Z(ua(bK)L?(Q)QSé)
L2(9)

m=1 /=1
= z u ¢m L2(Q)" (5.6)
m=1

Thirdly, we have, by formulas (5.5) and (5.6),
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i(u,u)H for all u € L*(Q). (5.7)

<
(u,u)p2(0) < N

If J is a positive integer, we let
X = Span{¢1a¢21“'v¢=]}7
and

Y =Xt={veH: (v,u)y=0forall uc X}.

From formulas (5.4) and (5.6), we obtain the inequality

(v, V)1 > Asp1(v,0) 2y forallveY. (5.8)
Indeed, it follows that
(’U,’U)H = Z Am(vad)m)%?(ﬂ) = Z )\m(U7¢m)%2(Q)
m=1 m=J+1
> AJ+1 Z (v, 9m)T2(0) = Ast1 Z(v7¢m)%2(g)
m=N+1 m=1

= )\JJ,_] (’U/U)[}(Q) forallv eY.
Similarly, we have the inequality
(u,u) < Aj(u,u)p2(q) forallue X. (5.9)

Indeed, it follows that

00 J
= Z Am (u, ¢m L2(Q) Z Am (u, ¢m 12(Q)
m=1 m=1

J oo
<A Z (u, ¢m L2(Q) — =AJ Z(Ua¢m)2L2(Q)
m=1 m=1

= As(u,u)p2q) forallue X.

5.2. Weak solutions of a general semilinear problem.
First, we introduce the notion of a weak solution of a general semilinear boundary
value problem in the framework of the Hilbert space H:

DEFINITION 5.1.  Let p(¢) be a real-valued function on R. We consider the following
semilinear boundary value problem:
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Au = p(u) in Q,
ou (5.10)

Bu = a(x’)a—y +0(z)u=0 on 9.

A function u € H is called a weak solution of problem (5.10) if it satisfies the condition

(u,w)H—/Qp(u)wdx: f: /Qaij(x)ggigxu;dx+/gzc(x)u~wdx—/p(u)-wdac

i,j=1 Q

b !
+/ (x/) u-wdo
{a(z")#0} a(z’)

=0 forallweH. (5.11)

The next theorem asserts that any weak solution u of problem (5.10) is a classical
solution:

THEOREM 5.3.  Assume that p(t) is a Lipschitz continuous function on R. Ifu € H
is a weak solution of problem (5.10), then it follows that

u € C*T(Q)
with an exponent 0 < a < 1. In particular, u is a classical solution.

ProOF. The proof of Theorem 5.3 is divided into two steps. We make use of a
standard “bootstrap argument”.

Step 1: First, we assume that a function u € H satisfies condition (5.11). Then we
have, for all w € D() C D(AY?) = H,

(u, Aw) r2(0) = (u, w)n = (p(u), w)r2(q)-

This proves that

{u e D), (5.12)

Au = p(u),

since the operator 2 is selfadjoint in L?(£2). In particular, it follows from assertion (5.3)
that

uwe Wh2(Q) c LA(Q).

Step 2: Now we assume that v € L(Q) for some ¢ > 2. Since p(t) is Lipschitz
continuous on R, it follows that

f(@) == p(u(z)) € LU (Q).
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Moreover, we obtain from formula (5.12) that u is a weak solution of the linear boundary
value problem

Au=f in Q,
Bu=0 on 9.

Therefore, it follows from an application of the regularity theorem ([26, Theorem 8.2])
that

u € W2(Q).

Case A: If 2g > N, then it follows from an application of the Sobolev imbedding
theorem ([1, Theorem 4.12, Part I, Case A]) that

ue L"(Q) forallr>1.

Case B: If 2¢ < N, then it follows from an application of the Sobolev imbedding
theorem ([1, Theorem 4.12, Part I, Case C]) that

Ngq

u e L"(NQ) forr:q*:N_2q

>q.

By repeating this procedure, we have, after a finite number of steps,

N
uwe W"(Q) for all r > T

and so

u € W2(Q) c CHHP(Q)
with the exponent
N
g=1——>aqa.
r

Since p(t) is Lipschitz continuous on R, it follows that

f(x) = p(u(x)) € C*(Q).

However, by applying the existence and uniqueness theorem ([26, Theorem 9.1]) we can
find a unique classical solution v € C?**(Q) of the boundary value problem

Av = in
{v / ’ (5.13)

Bv =0 on of.
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Since u and v are both solutions of problem (5.13) in W27 (2), by applying the uniqueness
theorem ([26, Theorem 8.6]) we obtain that

u=uve Q).

Summing up, we have proved that any weak solution u of problem (5.10) is a classical
solution.

The proof of Theorem 5.3 is complete. O

6. Proof of Theorem 1.1, Part 1.

In this section we prove assertion (i) of Theorem 1.1. By virtue of Theorem 5.3, we
have only to prove the existence of weak solutions of problem (1.3).

6.1. Existence of classical solutions of problem (1.3).
Since we have not assumed any growth condition on the nonlinear term g(s), we
truncate the right-hand side

fu) = du—g(u)

of the semilinear problem (1.3) in the following way: By condition (B), we can find two
real numbers s such that

sT <0< st
f(sT)=AsT —g(sT) SO< f(s7) = As™ —g(s7).

Let p(s) be a C! function on R such that

<0 for s > sT,
p(s) <= f(s)=As—g(s) forse[s,st], (6.1)
>0 for s < s7.

Moreover, we may assume that there exists a positive constant L such that p(s) satisfies
the following two conditions:

(C.1) |p(s)| < L for all s € R.
(C.2) |p'(s)] < L for all s € R.

EXAMPLE 6.1. If the nonlinear term g¢(s) is given by the formula

(#) sP for s > 0,
g\s) =
sls|77t for s <0

as in Example 1.1, then we may take
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st = 2\/=h) o= — _\V(a—1),

Now we consider instead of the semilinear problem (1.3) the following semilinear
problem:

{Au =p(u) in Q, (6.2)

Bu=0 on 0N.

Then, by using the maximum principle (see [33]) we have the following:

CrLAamM 6.1.  Every classical solution u(x) of problem (6.2) satisfies the condition

In particular, it is a solution of the original problem (1.3).

PrROOF. First, we recall that
p(s) <0 for s> st.
Assume, to the contrary, that the open set
Oy ={rcQ:u(x)>st}
is non-empty. Then it follows that

Au=p(u) <0 inQF,
u=st>0 on 00T,

Hence, by using the maximum principle for the Dirichlet problem we obtain that
u(z) < sT on QF,
so that
sT<u(r) <st inQF.

This contradiction proves that QF = (.
Similarly, we can prove that the open set

Q_={zeQ:ulx)<s}

is empty.
The proof of Claim 6.1 is complete. O
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6.1.1. Energy functionals.
In order to solve problem (6.2), we introduce an energy functional

F(u) = %(u,u)H - /QP(u) dx for all u € H, (6.3)

where

and look for the critical points of F' on H.

Step 1: First, we prove the following:

CLamM 6.2. A function u € H is a critical point of F if and only if it is a weak
solution of problem (6.2).

PrROOF. We have, by formula (6.3),

(VF(u),v)n = (u,v)p — /Qp(u)v dx for allveH, (6.4)

and also

(D?F(u)v,w)y = (v, w)y — / P (w)vwdz for all v, w € H.
Q

Hence it follows from formula (6.4) that VF'(u) = 0 if and only if u satisfies the condition
(u,v) — / p(u)vder =0 for all v € H. (6.5)
Q

In view of Definition 5.1, we find that u satisfies condition (6.5) if and only if it is a weak
solution of problem (6.2).

Summing up, we have proved that VF (u) = 0 if and only if u is a weak solution of
problem (6.2).

The proof of Claim 6.2 is complete. U

Step 2: Secondly, we show that F'(u) is bounded from below on H. More precisely,
we prove the following:

CLAIM 6.3.  There exists a positive constant Cy such that

1
F(u) > —503 for all w € H. (6.6)

For example, we may take
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_ L‘Q|1/2

C
T VN

where |Q] denotes the volume of ).

PrROOF. Indeed, since we have, by condition (C.1),

u(z)
P(u)] = \ [ weras| < Lo,

by using Schwarz’s inequality and inequality (5.7) we obtain that

’ /Q Pu) dz

§/9|P(u)|dx§L/Q|u(a:)|da:

1/2
< L|ﬂ|1/2( / |u<x>|2dx) — LIl oo
Q

L|Q|1/2
<
VA1

)|z = Collully  for all u € H. (6.7)

This proves that

1 1
Pu) = 5o = | Playde > Flulf = Collul

1
> —5002 for all u € H.

The proof of Claim 6.3 is complete. O

6.1.2. The Palais—Smale condition.
Now we show that the energy functional F'(u) satisfies (PS) condition, that is, F'(u)
satisfies (PS). condition for every constant ¢ € R. Indeed, we have the following:

Cram 6.4.  Let {u;}32, be an arbitrary sequence in H such that
F(uj) —c¢ in R as j — oo, (6.8)
VF(u;) — 0 in L(H,R) as j — oc. (6.9)
Then the sequence {u;} contains a convergent subsequence.

PrROOF. The proof of Claim 6.4 is divided into four steps.

Step 1: First, by formula (6.3) and assertion (6.8) we can find a positive constant
C4 such that

1
—Cl < F(’LL]) = i(uj7uj)H —/ P(’LLJ)d(E < Cl.
Q
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Hence we have, by inequality (6.7),

1 2

sl < Gt QP(U‘j) dz < Cy + Colluglz.
This proves that

||Uj||H <C:=Cy+ \/002—1—201.

Step 2: Secondly, we have the following three assertions (a), (b) and (c):

(a) The injections

2N
HCWH(Q)C LYQ), 1<¢<2=—"—0)
N -2
are continuous, while the injection
2N
Wh2(Q) Cc L9Q), 1<qg<2*=——
(W) CLQ), 12q<2 =,

is compact (see the Rellich-Kondrachov theorem [1, Theorem 6.3, Part I]).

(b) The Nemytskii operator
N : L9(Q) — LN/ (N+2)(()
u(z) — p(u(z))

is continuous (see [8, Chapter 1, Theorem 2.2]).
(c) It follows from an application of Holder’s inequality that

u(z) - p(u(x)) € L'(Q)
and
|u-p(u)llLi@) < llullper @ - [Ip(w)|| p2a/ovizq) for allu € H,

since we have the relation

1 1

— 4+ — = 1.
> TaN/(N 1 2)

365

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

Step 3: By inequality (6.10), it follows that the sequence {u;} is bounded in the
Hilbert space ‘H. Hence, by applying the local sequential weak compactness of Hilbert
spaces ([34, Chapter V, Section 2, Theorem 1]) we may assume that {u;} itself converges

weakly to some element u in H, that is,
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uj =~ u inH as j — oo. (6.15)

Therefore, it follows from assertion (6.12) that {u;} converges strongly to u in L(2) for
1< g<2*:

u; — u in LIY(Q) as j — oo. (6.16)
Moreover, we have, by assertion (6.13),
N(u;) = p(uj) — N(u) =p(u) in L2NN2(Q) as j — oo. (6.17)

However, we obtain from formula (6.4) with u := u; that
(VF(u;),v)n = (uj,v)n — / p(u;) -vde for all v e H. (6.18)
Q

By assertions (6.15), (6.17) and (6.9), it follows from formula (6.18) that

(o~ [ ot vde = lim (w500~ [ plu) v )

J—00
= lim (VF(u;),v)x =0 forallveH.

J—0o0

This proves that
(u,v)y = / p(u) -vdx for all v € H. (6.19)
Q

Step 4: Finally, we can prove that
uj — u in H as j — oo. (6.20)

Indeed, we have, by formulas (6.18) and (6.19),

(u; — 1w, 03¢ = (VE(uy), 0)p + /

Qp(uj) ~vdr — /Qp(u) ~vd. (6.21)

However, we obtain from inequality (6.14) and assertion (6.11) with ¢ := 2* that, for
some positive constant Cs,

I(p(u;) = p(w)vllr ()
< |lp(us) = p(w)llpav/aven o) - 10l L2 (@)

< ||p(u]) —p(u)||L2N/(N+2>(Q) . CQHUHH for all v e H. (6.22)

Hence, by formula (6.21) and inequality (6.22) it follows that
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|(uj - U7U)H|
< [(VF(uy), v}l + \ [ ts) = pla
Q
< IV F ) lllollre + Collp(us) — p(w) | ponovsm ol for all v € 2.

In view of the Riesz representation theorem ([34, Chapter III, Section 6, Theorem]), we
have proved that

uj —ulle < IVF(uj)ll# + C2llp(uy) — p(w)|| p2n/ vz - (6.23)

Therefore, the desired assertion (6.20) follows from inequality (6.23) by using assertions
(6.9) and (6.17).
The proof of Claim 6.4 is complete. (|

6.1.3. Proof of existence of classical solutions of problem (1.3).
The proof of existence of classical solutions of problem (1.3) is carried out in the
following way:

(I) By Claims 6.3 and 6.4, we can apply Theorem 2.2 to obtain a critical point v € H
of the energy functional F.

(II) By Claim 6.2, it follows that the critical point u is a weak solution of problem (6.2).

(III) By applying Theorem 5.3, we obtain that the weak solution u of problem (6.2) is
a classical solution.

(IV) By Claim 6.1, it follows that the classical solution u of problem (6.2) is a classical
solution of the original problem (1.3).

6.2. End of Proof of Theorem 1.1, Part 1.
To find a positive solution u; and a negative solution us of the semilinear problem
(1.3), we need another truncation of the nonlinear term

f(s) =As — g(s).
We let
pT(s) = max{p(s),0},
p~(s) =p(s) = p"(s),

and
PE(s) = / ") dt.

It should be noticed that the functions p*(s) are Lipschitz continuous and satisfy the
following two conditions:

(D.1) |p*(s)| < L for all s € R.
(D.2) |p*'(s)| < L for almost all s € R.
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If we introduce two energy functionals F* by the formulas (cf. formula (6.3))
+ L +
F*(u) = i(u,u)H - / P*(u)dz, uweH,
Q

then it is easy to verify that the functionals F*(u) are bounded from below on H and
satisfy (PS) condition (see Claims 6.3 and 6.4). Therefore, by applying Theorems 2.2
and 5.3 just as in Section 6.1 we obtain that the minima u; and us of F*(u) and F~(u)
exist and hence that u; and ug are classical solutions of problem (6.2) with p(s) replaced
by pT(s) and p~(s), respectively:

Aul = p+(u1) in Qa

Bu; =0 on 9

and

Aug = p~(uz) in
Bus =0 on Of).

Moreover, by using the maximum principle just as in the proof of Claim 6.1 we find that

0

IN

up(x) < st in Q,

S

IN

ug(z) <0 in Q.

This proves that u; and uy are solutions of problem (6.2) and hence of the original
problem (1.3).
Now the proof of Theorem 1.1, Part 1 is complete. O

REMARK 6.1. For the positive solution u;, we obtain that F(u;) < F(u) for all
u>01in Q if 0 < [Ju — uq] is sufficiently small. We remark also that if u; is not an
isolated minimum, we have infinitely many solutions of the semilinear problem (1.3), and
we are done. A similar remark remains valid for the negative solution us.

7. Proof of Theorem 1.1, Part 2.

In this section we prove assertion (ii) of Theorem 1.1. The proof is based on a
Lyapunov—Schmidt procedure and a slight modification of the classical Morse inequalities.
This section is divided into four subsections. The main idea of Subsections 7.1 and 7.2
is to rewrite the semilinear problem (1.3) in a suitable bifurcation system (7.8) and
(7.9) and to solve the first equation (7.8), by using the global inversion theorem. In
Subsection 7.3 we deal with functionals which may have degenerate critical points, by
using a perturbation argument and Sard’s lemma (Lemma 7.2). In Subsection 7.4, by
using Lemma 7.2 and applying Theorem 3.8 to our situation we can find a third non-
trivial solution ug different from u; and us constructed in Subsection 6.2.



Semilinear elliptic boundary value problems via Morse theory 369
7.1. Lyapunov—Schmidt procedure.
Since p/(s) is bounded and lim;_,o, A\; = 400, we can choose a positive integer n

such that

p'(s) <\, forallseR. (7.1)
First, we let
V = span[¢1, 2, .. ., Pn].
Then we have the following orthogonal decomposition in the Hilbert space L?(£2):
L*(Q) =V & V™" =span(ér, ¢, ..., ¢, & VT, (7.2)

where
Vi = {w € L*(Q): / w(z)pj(z)de =0, j= 1,2,...,n}.
Q

Moreover, it follows from an application of the regularity theorem ([26, Theorem 8.2])
that

D N — A1) = span[éy, ¢a, ..., ¢n] € C(9).

Jj=1

If we define the orthogonal projection @ from L?(Q2) onto V+ by the formula

Qu=u-Y (/Quu)qu(x) dw) b,

j=1

then we obtain the formula
QY)=Ynvt= {w eyY: / w(z)pj(z)de =0, j= 1,2,...,n}.
Q

Therefore, by restricting decomposition (7.2) to the subspace Y = C%(Q) of L?(Q) we
obtain the orthogonal decomposition

Y = CYQ) = span[¢y, da, ..., b,] & (Y N V). (7.3)
Similarly, if we let
X =CE* Q) ={ueC**Q): Bu=0},

then we have the formula
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Q(X):XﬂVl:{weX: w(x)@(m)da:zO,j:1,2,...,n}.

Q

By restricting the decomposition (7.3) to the subspace X = C3"(Q) of Y, we obtain
the orthogonal decomposition

X = C3'™(Q) = span[éy, ¢2, . .., dn] © (X NVE). (7.4)

In other words, every function u € X can be written uniquely in the form

w=o(t) +w(t), t=(t1,ta... 1) € R, (7.5)
o) =30 Vs 1= | w0, da. (7.6)
w(t) e XNV, (7.7)

Then, in view of formulas (7.5), (7.6) and (7.7) it is easy to verify that

_ u=v(t) + w(t),
{Au =plw) i, — (Aw(t) = Q(p(v(t) +w(t))), wlt)e XNVt
Bu=0 in 00 ' '
Aolt) = (T - Q)(p(o(t) +w(t)), olt) € V.

However, we remark the formulas
A’U(t) = thAd)j = Z /\jtquj
j=1 j=1

and
(1= Q(e(t) + w) = Y- [ o)+ w(t)60) e )
j=1
Summing up, we are reduced to the infinite-dimensional equation

Aw(t) = Q(p(v(t) +w(t))), w(t)e XNV, (7.8)

and the system of n-dimensional equations
/ p(o(t) + w(t))é;(x) dz = \jtj, j=1,2.....n. (7.9)
Q

7.2. Infinite-dimensional equation.
In this subsection we solve the first infinite-dimensional equation (7.8), by using the
global inversion theorem (Proposition 7.1). To do this, we introduce a nonlinear map
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P:R"x(XNW)—W, W=YnVi
as follows:
O(t,w) = Aw — Q(p(v(t) + w)) for all (t,w) € R" x (X NW), (7.10)

where
n
o(t) = thqu eV, t=(t,ts,...,t,) € R™.

Then it is easy to see that ® € C'(R" x (X N W), W).
The next proposition plays an essential role in the Lyapunov-Schmidt procedure:

PROPOSITION 7.1.  Assume that the function p(s) satisfies conditions (C.1) and
(C.2). Then, for every function h € Y = C%(Q) there exists a unique function w(t) =
t,Qh) € W N X which satisfies the following two conditions:

w(t,
(i) ®(t,w(t)) = Qh for each t € R".
(ii) The function w(t) is of class C* on R™.

Proposition 7.1 can be proved just as in the proof of [29, Proposition 3.1].

7.3. Resolution of isolated critical points.

In some cases we can deal with functionals which may have degenerate critical points,
by using a perturbation argument and Sard’s theorem ([24]). The next lemma is essen-
tially due to Marino—Prodi [16, Lemma 2.1]:

LEMMA 7.2.  Assume that f € C?(R", R) satisfies (PS) condition and has xo as
an isolated, possibly degenerate, critical point. Then, for any given small constant € > 0
we can construct a function g € C*(R™, R) which satisfies the following four conditions:

(a) The function g(x) satisfies (PS) condition.

(b) 9(z) = (z) for |l — zoll > .

(¢) The function g(x) has a finite number of non-degenerate critical points in the open
ball {||x — xol| < €}.

(d) The Hessians D?f(x) and D*g(z) satisfy the inequality

|D?g(x) — D*f(z)|| <& for all x € R™ (7.11)

PrOOF. The proof of Lemma 7.2 is divided into four steps.

Step 1: The construction of the function g(z). Without loss of generality, we may
assume that zo = 0. Let 0(¢) be a C* function on the closed interval [0, 00) such that

(7.12)

1 for 0<t<eg/2,
0(t) =
0 fort>e.
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We remark that the function w(z), defined by the formula

wl(@) = 0(al) = (2t + a3+ +a2), we R,

is of class C°°.

For a point y € R", we consider a function

9(x) = f(z) = w(@)(z,y)

:f(m)—9<\/I%+$%+...+x%>zn:xjyj, x € R™.

j=1
Then we have the assertions

g € C=(R"),
and

f(@) = (z,y) for ||lzf| < e/2,
g(z) =

flx) for ||z]| > e.

(7.13)

(7.14)

This verifies condition (b). The point y will be chosen later on (see inequality (7.20)

below).

Step 2: The verification of condition (d). The proof is divided into three steps.

(1) First, it follows from formulas (7.12) and (7.13) that
(@) — 9@)| < |z 9)| < ellyll for all 2 € R

This proves that

1
sup |f(z) —g(x)] < e provided that |ly|| < 3
zeR™

(2) For the gradient Vg(x) of g, we have the formula

Vy(z) = Vf(z) = V(w(z)(z,y))

= 97(0) = ' (lel) e 0) 57 Ol
Hence it follows from formula (7.12) that
IV9(e) — VF(@)] = H = (el ) 0<x||>yH

< 16"zl ly ]l + llyl

(7.15)

(7.16)
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< <e sup |0'(t)] + 1) lly|| for all z € R".
e/2<t<e

If we let

£
2(esup, ja<i<c |0/ (1) + 1)

Oél(E) =

then we have, by inequality (7.17),

sup |[Vg(z) — Vf(z)|| <& provided that |ly|| < a1(e).
zER™

(3) For the Hessian D?g(z) of g, we have the formula

(Dg(@)h. k) = (D (x) — wla) 2. )
=) - 0"l (570 ) (o) )
ol (571 ) o) = 0/l 570 ) ()

=0l ) () + 0 (5m ) (50 (e

for all h, k € R".

Therefore, just as in Step 2 we can find a constant ay(g) > 0 such that

[(D?g(2)h, k) — (D* f(x)h k)| < %thlHkH provided that [|y|| < as(e).

This proves that

sup |[D%*g(z) — D*f(z)|| <& provided that ||y|| < as(e).
rER"
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(7.17)

(7.18)

(7.19)

The desired inequality (7.11) follows by combining inequalities (7.15), (7.18) and

(7.19) if the point y is chosen so small that

lyll < min{;,al(e),ag(g)}.

(7.20)

Step 3: The proof of condition (c). Since the point 0 is an isolated critical point of

f, we can find a positive constant m such that

IVf(z)|| >m on the annulus {; <Jz|| < E}.

(7.21)
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Then it follows from formula (7.16) and inequality (7.21) that

T

IVe(@)] > IV F(@)] - H (el ) 9<||x||>yH

]

> [V @) =10l ID Iy =yl

> (m - [5 sup |6'(t)] + 1] ||y||> on the annulus {; <zl < 5}. (7.22)

e/2<t<e
Hence, if we let

m
2(e SUp, jo<i<. |0/ ()| + 1)’

as(e) =

we obtain from inequality (7.22) that

max_[|Vg(z)| =

< <|lzll<e provided that |ly|| < as(e). (7.23)
s<llzli<

| 3

This proves that the function g(z) does not have any critical point in the annulus {e/2 <
|lz|]| < e}. More precisely, the function g(x) has its critical points only in the closed ball
B.;2(0) = {||z]| <&/2} and we have, by formula (7.14),
Vg(x) =V f(x) —y on the ball B,/5(0),
D?%g(z) = D?f(x) on the ball B, 5(0),

where
ly|l < min {;,al(e),ag(e),ag(s)}. (7.24)

Therefore, we have the following equivalent assertions:

r € R" is a degenerate critical point of g in the ball B, /5(0)
<

{Vg(ﬂf) =0 for [z <e/2,

The Hessian D%g(z) at x is not invertible
—

{Vf(x) =y for ||z]| <e/2,

The Hessian D?f(x) at x is not invertible
<~

y € R" is a critical value of V f in the ball B, /5(0).

However, by virtue of Sard’s lemma ([24]) we can find a point y € R™ which satisfies
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condition (7.24) and is not a critical value of V f. Namely, the critical points of g(z) =
f(x) — (z,y) in the closed ball B,/3(0) are all non-degenerate. We remark that the
non-degenerate critical points of g are isolated.

Summing up, we have constructed the function g(x) which has a finite number of
non-degenerate critical points in the closed ball B, /2(0)7 since its critical points are
isolated. This verifies condition (c).

Step 4: The proof of condition (a). Finally, it remains to show that the function
g(x) satisfies (PS). condition for every constant ¢ € R.
Let {x;}32, be an arbitrary sequence in R" such that
g(xzj) — ¢ in Rasj— oo,
Vg(zj) — 0 in R™ as j — oo.

However, we remark that f(z) satisfies (PS) condition and that g(z) = f(z) for ||z|| > e.
Moreover, it follows from inequality (7.23) that

m
Vgl = 5

€
on the annulus {2 < |lz|| < 5}.
Hence, without loss of generality we may assume that

sl <

| ™

Then, by applying the Bolzano-Weierstrass theorem we can find a subsequence {x;/} of
{z;} and a point 2y € R"™ such that

T — T in R™.

This verifies condition (a).
The proof of Lemma 7.2 is complete. U

7.4. End of Proof of Theorem 1.1, Part 2.
The proof of Theorem 1.1, Part 2 is divided into four steps.

Step 1: First, by applying Proposition 7.1 with A = 0 we can solve equation (7.8).
Namely, for any given function

n
v(t) = ti¢; €V, t=(t1,ts,...,tn) € R,
j=1

we can find a function w(t) € X N W such that
Aw(t) = Q(p(u() + w(t)), w(t) € X AW,

By substituting w = w(t) into equation (7.9), we obtain the following equations:
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Ajtj = /Qp(v(t) +w(t))g;(x)dx, j=1,2,...,n. (7.25)

We introduce a function ¥ : R® — R by the formula
1 1o, 3
(1) = 5 (wt), wt)w + 5 D Mt = | P +w(t)de. (7.26)
j=1

Since w(t) is a solution of equation (7.8) for v(t), it is easy to see that

ov

G =t = [ (el + ) @yde. 1<) <0 (1.27)

Therefore, we have proved that V¥(¢) = 0 if and only if equations (7.25) are satisfied.
By formulas (6.3), (7.5), (7.6) and (7.7), we find that the function V¥ is of class C?
and further that

W(t) = g (wl) + 0(t),wl) + v~ /QP(v(t) T w(t)) ds
= F(v(t) +w(t)) forallte R". (7.28)
Moreover, we have the following:

CrLAamM 7.1.  The function U(t) is bounded from below on R"™ and satisfies (PS)
condition.

PrOOF. (i) Indeed, by formula (7.28) and inequality (6.6) it follows that

1 2 L2|Q‘ n
U(t)=F(t)+w(t) >—-=C5 =— for all t € R".
2 2)\1
This proves that ¥(¢) is bounded from below on R™.
(ii) Now let {t(F)}e = {(tgk),tgk),..., %k))}zo:l be an arbitrary sequence in R"
such that

U(t*®) — ¢ in Rask— oo,

VI (t*) — 0 in R" as k — oo.

Then it follows from formula (7.27) that, as k — oo,

)\jt;k) - /Qp(v(t(k)) + w(t(k)))(bj(x) dr — 0, 1<j<n. (7.29)

On the other hand, we have, by condition (C.1) and Schwarz’s inequality,
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/Qp(vu(“) +w(t™)) - g () da

< / Ip(0(t®) + w(t®))| - 1¢;(x))dz
Q

1/2
< [ foa)dr < me( / ¢j<w>|2dx)
= L|QJY/2. (7.30)

Therefore, we obtain from assertion (7.29) and (7.30) that the sequence

0 = 3 (Wt = [ p(ete®) + wlt )y

J
+ L / p(0(E®) + w(t®))gy(@)dz, 1<j<n,
Aj Ja

is bounded in R. By applying the Bolzano—Weierstrass theorem, we can find a subse-
quence {t*)} of {t)} and a point ¢ty € R" such that

t*) ¢y in R™ as k' — .

This verifies (PS) condition for the function W(t).
The proof of Claim 7.1 is complete. O

Step 2: Now we study the function ¥ defined by formula (7.26). Let u; and uy be re-
spectively the positive and negative solutions of the semilinear problem (1.3) constructed
in Subsection 6.2. Then we have the following:

PROPOSITION 7.3.  Let t1 be a point of R™ such that v(t1) + w(t1) = uy and let to
be a point of R™ such that v(ta) + w(ta) = ua, respectively. Then the points t1 and to
are local minima of ¥ on R™.

PrROOF. We only prove Proposition 7.3 for ¢;, since the proposition is similarly
proved for to.
As we have seen in Step 1, we have the assertions

olt) = w(ts)lor @y — 0,
o) = o(t) s 3y — O,
provided that
t—t| — 0 in R".
Hence, since u; = v(t1) + w(t1) > 0 in Q, we have, for |t — t1] < e,

v(t) +w(t) >0 inQ,
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if ¢ is sufficiently small. In view of Remark 6.1, it follows that
Fup) < F(o(t) + w(t)) for 0 < |t —t1] <e.
Therefore, we obtain from formula (7.28) that
U(t1) = Flur) < F(u(t) +w(t)) =T(t) for 0< |t —t1| <e.

This proves that the point 7 is a local minimum of ¥ on R™.
The proof of Proposition 7.3 is complete. g

Step 3: The case where A > Ay and A # Ay, for all £ > 3. In order to apply Theorem
3.8, we show that ¢ = 0 is a non-degenerate critical point of ¥ on R™ with Morse index
qo = 2.

By differentiating in formula (7.27) and setting ¢ = 0, we obtain that

2 w
ai;;j (0) = X;é;5 — /Qp’(w(()))qﬁj(x) (¢,(x) + gti (0)>dx, i,7=12,....n, (7.31)

where J;; is Kronecker’s delta.
However, since we have the assertions

ow
ot;

0)eW =V+ny,
it follows from formula (7.31) that

02w
ot;0t;

(0) = Ajdi; — A / 6i(2)65() da
Q
= (/\j 7)\)51‘]‘, Z,] = 1,2,...,77,. (732)

Since A > Ay and A # A for all £ > 3, we find from formula (7.32) that ¢t = 0 is a
non-degenerate critical point of ¥ with Morse index gy > 2.

Therefore, by using Proposition 7.3 and then applying Theorem 3.8 to ¥ we can
find a non-zero point t3 of R", different from ¢; and to, such that VW(t3) = 0. Then it
follows that the function

Uz = ’U(tg) + w(tg)
is a third non-trivial solution of the semilinear problem (1.3) different from u; = v(t;) +
w(ty) and us = v(ta) + w(ta).

Step 4: The case A = A\ for some k > 3.
Assume, to the contrary, that the function W(t) has only ¢1, t2 and 0 as critical
points. By Claim 7.1, we know that the function ¥(¢) is bounded from below on R™ and
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satisfies (PS) condition. Hence, by applying Lemma 7.2 to ¥ with x¢ := 0 we can find a
constant € > 0 and a function ¥ € C?(R", R) such that:

(a) The function ¥(t) is bounded from below on R™ and satisfies (PS) condition.
(b) The function ¥(t) has only the two critical points ¢; and ¢, in the closed set {|t| > ¢}.
(¢) In the open ball {|{| < e}, the function W(t) has only a finite number of
non-degenerate critical points, say f1,02,...,08; € R™ with finite Morse index
1,92, - - - , Qe, Tespectively.
By using inequality (7.11) with f := ¥ and g := ¥ and formula (7.32), we have, for
the Morse index g¢; of 3;,

¢ >2 j=12...¢

By arguing just as in the proof of Theorem 3.8, we get a contradiction (cf. inequality

(3.7)).
Therefore, we can find a non-zero point t3 of R", different from t; and to, such that
V¥(t3) = 0. Then it follows that the function

Uz = ’U(tg) + U)(tg)

is a third non-trivial solution of the semilinear problem (1.3) different from u; = v(t;) +
w(ty) and us = v(ta) + w(ta).
Now the proof of Theorem 1.1, Part 2 is complete. O

8. Proof of Theorem 1.2.

This last section is devoted to the proof of Theorem 1.2. By virtue of Theorem 5.3,
we have only to prove Theorem 1.2 for weak solutions. The proof of Theorem 1.2 is based
on the Ljusternik—Schnirelman theory of critical points specialized to the case of an even
functional on a Hilbert space (Theorem 4.2). The proof of Theorem 1.2 is divided into
four steps.

Step 1: First, we recall (see formula (6.3) and inequality (6.6)) that the energy
functional

P(u) = gl = [ Plyde = gl [ [ pte)dras

is bounded from below on H:

L2
2\,

1
F(u)Z—icgz— for all u € H.

This verifies condition (4.9) with W := 0 and W+ := H.
Moreover, by Claim 6.4 it follows that F'(u) satisfies (PS) condition.

Step 2: Secondly, if ¢g(¢) is an odd function of ¢, then we can construct the function
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p(t) as an odd function of ¢ (see formula (6.1)). Hence we may assume that the energy
functional F'(u) is an even function of u:

F(—u) = F(u) forall ueH.
Step 3: If A > A\, we let
V = span[¢y, da,...,¢x], dimV =k.

Let u be an arbitrary element of V' such that

k
U:ZCj(bj, CjER,

j=1
k
lull3, =D Az = p*.
j=1
Then we have, for p sufficiently small,
1
F(u) = §(u7u)H —/ P(u)dx

Q
1 u(x)
sl [ [ e gtenaras
2 QJo
1 by u(x)
= o llullf — f/ u(m)2dx+// g(t) dt da
2 2 Q aJo

1 k k u(x)
== DYDY 02-)+// g(t)dtdx
2(2_: 7 =1 ’ QJo )

Jj=1
k
1 A u(z)
<=(1- A»c2+// g(t) dt dx
2( Ak); 7 Ja o 0
1 u(z)
:(1—A>p2+// g(t) dt de. (8.1)
2 Ak aJo

it follows that

/Q/o g(t)dtdx = o(||ull3,) = o(p*) as p— 0. (8.2)
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Indeed, it suffices to note that all norms on the finite-dimensional space V are equivalent.

Step 4: By combining inequality (8.1) and assertion (8.2), we obtain that

1
F(u) < 5 (1 - ;\)pz +0(p?) asu €V and |lul|y =p— 0. (8.3)
k

However, we remark that

1—i<0 for A > M.
Ak

In view of assertion (8.3), we can find a small constant p > 0 such that

1 A
sup  F(u) < (1—)p2.
wevns,(0) 4 Ak

This verifies condition (4.8) with V :=V and

1 A
bi=—(1-)p%
4( /\k>p

Therefore, Theorem 1.2 follows by applying Theorem 4.2 with
H:=H, f=F V=V, W:=0, Wt:=H,

. . _]' A 2 — 1 2
m:=k, j:=0, b.—4<1 /\k>p, a:= 200+b.

The proof of Theorem 1.2 is now complete. O
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