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Notes on the Fucik spectrum

and the mixed boundary value problem

VENDULA HoONzZLOVA EXNEROVA

Abstract. The paper is devoted to the study of the properties of the Fucik spec-
trum. In the first part, we analyse the Fucik spectra of the problems with one
second order ordinary differential equation with Dirichlet, Neumann and mixed
boundary conditions and we present the explicit form of nontrivial solutions.

Then, we discuss the problem with two second order differential equations
with mixed boundary conditions. We show the relation between the Dirichlet
boundary value problem and mixed boundary value problem; using results of
E. Massa and B. Ruf, we derive some properties of the Fuéik spectrum of the
mixed boundary value problem. Finally, we introduce a new proof of the closed-
ness of the Fuéik spectrum and a lemma about convergence of the corresponding
nontrivial solutions.

Keywords: Fucik spectrum, system of ordinary differential equations of the se-
cond order, Dirichlet, Neumann and mixed boundary conditions

Classification: 34A34, 34B15, 47J10

Introduction

The aim of this paper is to summarize known results about Fuc¢ik spectra of
a second order differential equation and for a system of two equations of this type
and to study the problem with mixed boundary conditions.

We introduce the one equation problem in the first section and the descriptions
of Fucik spectra of the problem with Dirichlet and Neumann boundary conditions
in the second one. As we have not found the explicit form of eigenfunctions for
Dirichlet and Neumann problem in the literature, we present it here. In the
third section, we apply the idea of symmetric extension of solutions of mixed
boundary value problem to prove that they are solutions of Dirichlet boundary
value problem on a different domain.

The fourth section is devoted to a two equation problem. We use works of
E. Massa and B. Ruf concerning the Fucik spectra of Dirichlet and Neumann
problems. Applying the symmetrical extension, we obtain new results for the
mixed boundary conditions which have not been studied yet. Most of them are
consequences of the known results for Dirichlet and Neumann boundary value
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problem. In some cases (see Theorem 1, Remark 2, last section), we get stronger
results.

In the last section, we present a more straightforward proof of the closedness
of the Fucik spectrum of the mixed boundary value problem.

1. The Fuéik spectrum

First, we define the main problem and its boundary conditions.
By W12(I), we denote the usual Sobolev space, i.e.

Wh2(I) = {u € L*(1); v’ € L*(I)}.

Definition 1. Let I C R be a bounded interval. Let u, v be given real numbers.
Let the problem be given by the equation

(1) —u" = put —vu~  onl,
where u* is defined by u*(¢) = max{u(t);0} and by v~ (t) = max{—u(t);0}.
We call a function u the weak solution of the problem (1) with

1. Dirichlet boundary conditions if u € VVO1 ’2(1 ) and

(2) /U'w':u/uwfl//u_cp
I I I

holds for every function p € Wy *(I);

2. Neumann boundary conditions if v € W2?(I) and (2) holds for every
function p € WH2(I);

3. mixed boundary conditions if u € W12(I), u(a) = 0 and (2) holds for
every function

p e {feW"(I); f(a) =0}

provided I = (a,b).
To simplify, the problem with Dirichlet boundary conditions is called the
Dirichlet problem and the others are shortened in the same way.

Now, we can proceed with the definition of the Fuc¢ik spectrum.

Definition 2. We define the Fuéik spectrum of the problem (1) with boundary
conditions 1, 2 or 3 to be the set of such couples (u;v) € R? that the problem (1)
with parameters p, v and given boundary conditions has a nontrivial weak solu-
tion.

2. The Fucik spectra of the problem with one equation

Before pursuing two equation problems, we would like to summarize results
concerning one equation problems.
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According to the classical eigenvalue problem and some basic computations,
we can restrict to nonnegative parameters p, v because for negative parameters
the problem (1) has only the trivial solution.

In the 1970’s, S. Fucik investigated the Dirichlet problem.

Lemma 1 ([3, Lemma 2.8]). The problem (1) with Dirichlet boundary conditions
on the interval [0,n] has a nontrivial solution if and only if at least one of the
following conditions holds:

1. =1, v is arbitrary,

2. u is arbitrary, v =1,
3.u>1,1/>1and\/\/ﬁz\/\/;;€N,
4.u>1,u>1and%€N,
5.u>1,u>1and%€N.

Note 1. We can explicitly write the form of solutions of the Dirichlet problem
on [0, 7] with parameters (u;v), uv # 0. Set

+ v
cL = k’TrM, dp = ck—l—l, ey = cp +
N VI

for k € Ng. Then the function

7

U (t) . csin (\/ﬁ(t - Ck)) for ¢ € [Ckadk] n [077(]7
P - Lesin (Volt — i) for 1€ [dgerin] N (0,7,

for ¢ > 0 and the function

n(t) == {dsin(\/;(t(:k)) for t € [cg, ex] N[0, 7],

%dsin (YRt —er))  for t € [e,crgr] N[0, 7],

for d > 0 are the weak solutions of the Dirichlet problem (1). Obviously, up and
up are C?-functions and thus the classical solutions.

For the Neumann problem, it is easy to obtain the following lemma.

Lemma 2. The point (u;v), p,v > 0 belongs to the Fucik spectrum of the
Neumann problem (1) on the interval [0, 7] if and only if it satisfies one of the
following conditions:

1. pv =0,

2NV
2.u>0,u>0and\/ﬁ+ﬁ€N.

Note 2. We are able to write the explicit form of solutions for the Neumann
problem on [0, 7] with parameters (u;v), uv # 0 as well. Define

k(i + 7)

™ 1 1

= () = e

617
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for k € Ng. Then the function

() [ VA=) portelell gl + 5500
,%ccos (Vu(t — copgr)) forteleh ., — #,cé\i“ + ﬁ;] N[0, 7],

for ¢ > 0 and the function

dn(t) = —dcos (Vr(t —cby)) for t € [c}), — 2—\%,0% + Q\Lﬁ] n[o, ],
N() =19 & . :
%dcos (vt —chyyy)) forteled , — m’cé\;cﬂ 4 m] N[0, 7],

for d > 0 are the weak solutions of the Neumann problem (1). Again, uy and uy
are evidently C?-functions and thus the classical solutions.

Note 3. As we can see, the Fucik spectra of problems with one equation can
be described as a countable union of curves. These curves are disjoint in the
Neumann case (except curves p = 0 and v = 0). In the Dirichlet case, they are
almost disjoint — each of them intersects at most one of the other curves and
it holds at exactly one point which is equal to an odd eigenvalue of the classical
spectrum with Dirichlet boundary conditions on [0, 7]. See Figures 1-3.

3. The symmetrical extension

While solving the mixed problem on the interval [0, 7], we can observe its very
close relation with the Dirichlet problem on [0, 27].

Let u be a function belonging to K := {u € W2((0,7)); u(0) = 0}. We denote
by @ a function defined on [0, 27] in the following way:

o) {u(t) t € (0,7,

u2r —t) te€[m,2n].

Using the fact that functions from W12(0,7) are absolutely continuous on
[0, 7], we can prove that @ € W01’2(0, 27).

Lemma 3. Let u € K be nontrivial. Then u is a solution of the problem (1) with
mixed boundary conditions on the interval [0, 7] if and only if the function @ is a
solution of the Dirichlet problem on the interval [0, 2n] provided u'(m) = 0.

Note 4. The assumption @'(7) = 0 is unambiguous since we know that solutions
of the Dirichlet problem are C?-functions (see [2, p. 317]).

PRrROOF: If we have a solution u of the Dirichlet problem on [0, 27r] which satisfies
u'(m) = 0, its restriction to [0, 7] is clearly a solution of the mixed boundary
problem on [0, 7).

For the opposite direction, we use the definition of a weak solution. Let ¢ €
W, 2(0,27). We need to verify that the equation (2) with ¢ holds. Set oy (t) :=
(t) for t € [0, 7] and pa(t) = (27 —t) for ¢ € [0, 7]. Then obviously 1, ¢ € K.
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Then, evidently, we have that
(3)
[ e [ woeo
0 0

/W o' () (t) dt + / ! u' (2 — )’ (¢) dt
0 T
‘() (t) dt.

2
/ z
JO

At the same time, it holds that

Tru/ ’ WU/ / _ Wu-i- .
/0 (t)sal(t)dtf/o (1)) (1) u/o () (1)

W v [ wOawass [T On@a-y [T o

:u/o Wu+(t)1/)(t)dt—y/0 ﬂﬁ_(t)z/)(t)dt.

The equations (3) and (4) show that @ is a solution of the Dirichlet problem
on [0, 27]. O

v . v N
-

Vi Vi

FiGure 1. FS of FiGure 2. FS of
the Dirichlet prob- the Neumann prob-
lem lem

Remark 1. It is natural to ask if we can extend a solution with respect to
the point zero in any way and then search parameters for which there exists a
nontrivial solution of the Neumann problem on [—m, 7] taking the zero value at
the origin. The set of such parameters is very poor — the condition at origin
holds only if the parameters are both equal to the same odd classical eigenvalue
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vy N

Ji

FicURE 3. FS of the mixed problem

of the Neumann problem on [—, 7], it means

2%k — 1\
u:u:)\é\glz( > ),kGN.

In this case, a nontrivial solution equals to a classical eigenfunction of the Neu-
mann problem (up to a multiple), exactly it is the solution u(t) = ¢sin %T_lt on
[—m, 7] for ¢ # 0.

By the above, the Fué¢ik spectrum of the mixed problem is a subset of the Fucik
spectrum of the Dirichlet problem on the double-long interval. We have to verify
for which solutions of the Dirichlet problem the condition @' (7) = 0 holds. This
is not true only for parameters which satisfy condition similar to the claim 3 in
Lemma 1. The result is summarized in the lemma below.

Lemma 4. Let (u;v) € R3. The point (p;v) belongs to the Fuéik spectrum of
the problem on the interval [0, 7] with mixed boundary conditions if and only if
it satisfies at least one of the following conditions:

1. p= i, v is arbitrary,

2. p is arbitrary, v = i,

3. u>i,u>iand%el\l,

4. u>i,l/>iand%€N.
Note 5. A solution of the mixed problem on [0, 7] extends to the solution of the
Dirichlet one on [0, 27|, so its explicit form for the corresponding parameters is
given in Note 1.
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4. The Fucik spectrum of the two equation problem with mixed boun-
dary conditions

This section is mainly the corollary of the symmetrical extension we mentioned
above (but for the system of two equations) and results about the Dirichlet prob-
lem for such systems of Eugenio Massa and Bernhard Ruf which can be found in
[4] and [5].

The problem that we want to study is given by the following equations:

—u"(t) = av™(t) — Bv~(t) fort € [0,7],
+

(5)

Now, the test function space is K x K := {(f;g) € WH2((0,7)) x W12((0,7));
f(0) =0=g(0)}.

Definition 3. The set of points («; 3;7; ) € R* such that the problem (5) with
parameters «, 3,7, 0 has a nontrivial weak solution is called the Fuéik spectrum
of the problem (5) and we denote it by X.

By using analogous arguments as in the previous section, it is easy to see that
the couple (u;v) is a solution of (5) if and only if the couple of symmetrically
extended functions (@;v) is a solution of the problem with the same equations
on the interval [0,27] with the Dirichlet boundary conditions provided u/(w) =
v'(m) = 0.

As a consequence, the Fucik spectrum of the mixed problem X is a subset of
the Fuéik spectrum of the Dirichlet problem on the interval [0,27] and thus X
preserves all properties of the Fuc¢ik spectrum of the Dirichlet problem.

Due to known results ([4]; Lemma 2.1, Proposition 2.3), we can restrict to
nonnegative parameters. If one of equations in (5) is identically zero, then the
system has only the trivial solution. By basic computations, we get that if exactly
one parameter vanishes in each of equations, we obtain a solution which does not
change sign on the domain (it is either positive or negative) and we present it
below. If a solution does change sign, then all parameters have to be strictly
positive (strictly negative, respectively).

In this system, we can find some symmetries. The most important one is that

if (u;v) solves the problem with parameters (a;S;v;0), then (u;av) solves the
a. B.

problem with parameters (£;;av;ad) for any a > 0. Therefore, we can find

such a that £ = a~.
a

The preceding ideas allow us to reduce the number of parameters. It is enough
to study the set S which is defined as a set of points (a; 8;0) € (Ry)? such that
the problem (5) with parameters «, 3, «, ¢ has a nontrivial weak solution. For
more details see [4, Section 3].
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We state now a lemma which is a slight modification of Lemma 3.2 in [5]
because it is very useful below. The correctness of the modification of boundary
conditions follows from the symmetrical extension.

Lemma 5 ([5, Lemma 3.2]). Let ¢,d € L*°(0,7) with ¢,d > 0 a.e. and (u;v) be
a nontrivial solution of the boundary value problem on (0, )

—u(t) = c(t)o(t),
—v"(t) = d(t)u(t),
u(0) =v(0) =0,
u'(m) ='(7) = 0.

1. For xy € [0, 7], we have that
o if u(xg) =0 orv(zg) =0, then u'(zo)v'(x9) > 0,
o if u/(xzg) =0 orv'(xg) =0, then u(xg)v(zg) > 0.
2. For x1,x9 € [0, 7|, 1 < x2, we have that
o if u/(z1) =u'(x2) =0 and v/ (x) # 0 for x € (x1,x2),
then u(x1)u(xz) <0,
o if u(xy) = u(xe) =0 and u(z) # 0 for x € (z1, z2),
then v’ (z1)u'(z2) < 0.

In the following text, we will assume that the nontrivial solution is normalized,
it means ||u||z2(0,x) = ||v||L2(0,x) = 1. By this condition, we avoid the problems
with sequences of solutions in a form {(a,u,a,v)}$2; such that a, — 0 as n
approaching the infinity.

Various properties of components of a solution are interconnected.

Lemma 6. Let («;3;0) € S and (u;v) be the corresponding nontrivial solution.
Then the number of points t € (0, 7) such that u(t) = 0 is finite and it is the same
as the number of points s € (0, 7) such that v(s) = 0.

PRrROOF: If u has no zero point in (0,7), it is easy to figure out that u(t) =
+cv(t) = £dsin (%) for some ¢,d > 0.

The claim was proved for the Dirichlet case provided w has a zero point in
the interior of an interval (see [5, Proposition 3.4]). Thus @ and ¥ have the same
number of zero points on (0, 27).

Suppose that @(mw) = 0. Then, by symmetry of the extension, @ has an odd
number of zeros and so does v by the claim for Dirichlet case. By symmetrical
extension, necessarily o(7) = 0. It means u(r) = v/(7) = 0 and v(w) = v'(7) =0
and from the second equation in the system (5), v”(7) = 0 holds too. Using the
uniqueness of the solution for differential equations with a Lipschitz right-hand
side (see [1, Theorem 7.4]), we obtain that v = 0, but it is a contradiction with
assumptions of the claim. ([

E. Massa and B. Ruf [4, Proposition 3.2] proved that the Fuéik spectrum is
bounded away from zero in this sense:
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Let (a;3;0) be a point of the Fucik spectrum S and moreover, let a > 0.
Then a > AP and 36 > AP. Here AP denotes the first eigenvalue of the classical
spectrum problem with Dirichlet boundary conditions on [0,27] (which is the
same as for the problem with mixed boundary conditions on [0, 7]).

The relation between components of a solution is even stronger. Let a > AP
and 36 > AP. Then utv* # 0 and u~=v~ # 0. Moreover, at least one of multiples
uTv™ and u~v" is not identically zero provided 3 # 4.

Now, we can classify points which certainly do not belong to the Fué¢ik spec-
trum. The similar claim was proven for the Dirichlet problem in [4, Proposi-
tion 4.1]. We do not give the proof here, because we use the methods adapted
from mentioned article. However, we can get a stronger estimate on the set of
points which do not belong to Fuc¢ik spectrum of the mixed problem. Namely, we
have that

Theorem 1. Let oy, 8,09 be positive integers and let a > 0 be such that

a
{ 0o Bo aao,aéo} C Mgy Aet1)
a a

where A, Ar41 denote the consecutive eigenvalues of the classical spectrum of the
problem with mixed boundary value conditions on [0, 7]. Then (ag; Bo;d0) ¢ X.

Note 6. As we have written above, the first eigenvalue A\, of the classical spec-
trum problem with mixed boundary conditions on [0, 7] is the same as the first
eigenvalue AP of the Dirichlet one on [0, 27], it means \; = AP = %. Generally, it

holds that A, =\l | = (%)2 for all k € N, where A\, (AP respectively) is the

k-th eigenvalue of the classical spectrum of the mixed boundary value problem
on [0, x| (Dirichlet problem on [0, 27] respectively).

Due to results of E. Massa and B. Ruf about Dirichlet problem, we know that
Fucik spectrum can be described as a countable union of the surfaces. These sur-
faces are globally given by graphs of C''-functions — more precisely, the parameter
a is a Cl-function of B and § (see [5, Theorem 1.2]). The domain of a4 is the set
{(B;0) € R3; /Bd > AP} and the domain of a_ is {(3;6) € R; VB > AL, }
(see [5, Proposition 4.9]).

Definition 4. Let £ > 2 be an integer. Then we call the Fuéik surfaces connected
Cl-surfaces

Ty = {(o; 8;9) € ZA]; a = a4 (B, 0); a corresponding solution of the problem (5)
is positive in a right neighborhood of the origin}

satisfying (Ag; Ag; A\k) € Tkt and

={(o; 8;9) € ZA]; a = a_(f,0); a corresponding solution of the problem (5)
is negative in a right neighborhood of the origin}
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satisfying (Ag; Ag; A\k) € Tx—. Moreover, we define
Iigi={(a, 8,0) € R3; a = A}
and
o= {(O‘aﬂaé) € Ri; ﬂé = )\1}
It was proven ([5, Theorem 1.2]) that

i = U (FkJr UFk,).
k=1

By [5, Proposition 4.10], the Fuéik surfaces of different orders are disjoint:
(Fk+ UFk_) n (FH- UFZ_) =0 forall k #£1.

It was also proven in [5, Proposition 4.11], that in general, the surfaces 'yt
and I';,— may coincide (and they do in case of Neumann problem and for even k
in case of Dirichlet problem). But they do not coincide in the case of the mixed
problem.

Remark 2. Because of the results of the first section, it is evident that there are
two different unbounded curves which belong to the corresponding surfaces I'y
and I'y,_. More precisely:

Vet = {(a;ﬂ;ﬂ) eR%; % = k} C ks,

and

vk:{&uﬂ;ﬂ)ElRi;lgéglgzﬁ;lk} CTye.

Obviously, the intersection of these curves is the only point, exactly
Yot Ne— = {(a; 85 8) € RY; a = =N}

Thus, the surfaces I'yy and 'y~ do not coincide. The claim is evident for the
surfaces I'14 and I'; _.

For further properties of the Fuéik surfaces, we refer to [5].

5. The closedness of the Fucik spectrum

Although you can find a proof that the Fué¢ik spectrum is a closed set in works
of E. Massa and B. Ruf, we give here an alternative one which is more detailed
and gives more than the simple closedness (see Lemma 7).

Theorem 2. Let {A,}2°, be a subset of &, Ay, = (an; Bn;0n). Let A, — A =
(a; B;6) € R®. Then A € X.
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PROOF: Denote by un = (un;v,) € WH2(0,7) x WH2(0,7) a corresponding
nontrivial solution of the problem (5) with parameters «,, 85, 0, such that

||U7L||L2(O,7r) = ||'Un||L2(O,7T) =1
We test the first equation in (5) with parameters ., 85, d, by the function w,,:

T T ™
an/ 'U:_un - Bn/ 'U»;’U/n S (|an| + |6n|)/ |unvn|
0 0 0

< lunllz20,mllonllL20.7) (o] + [Bn]) = (lan| + 6nl)

llunl[Z20.m) =

and analogically
10172 (0,m) < (len| + [0 ])-

The convergence of A, implies that {|[un|[w1.2(0,7)xw1.2(0,x) }re1 is bounded.
Due to Eberlain-Smuljan characterization of the reflexivity, we can choose a
weakly convergent subsequence of {u,}. Because of the compact embedding of
Wh2(0,7) into L*(0, ), we obtain even that

(Un;vn) = (u;v) in (LQ(O,T('))2.
Obviously, v2 = [[unllz2(0,7)xL2(0,x) = [[ullL2(0,r)xL2(0,x) and u is nontrivial.

By the compact embedding of W2(0, 7) into C([0,7]), v,, converge to v uni-
formly. It is evident that [vE — v*| < |v, — v|. Therefore, v — v* in L2(0, 7).

Let ¢ € K. We can estimate
s s
an/ ’U,,J{(,D—Oé/ ’U+(p’
0 0

T T T ™
an/ U:L_(p_an/ U+90+04n/ U+90_04/ U+(p’
0 0 0 0
™ ™ T
/vis%/ v*so‘ﬂoanoel/v*so
0 0 0

Since {a,} is bounded and | f; (v, —v)| < |lv;f —vT||r2 - [l 12, the first term
goes to zero. The convergence of oy, — o and | [y vT| < [[vT |12 - || imply

the convergence of the second term.
Thus, it holds that

(6) an/ U,J{go—a/ vt — 0.
0 0

The proof is analogous for other parameters.

< |am| — 0.
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As u, — uin WH2(0,7) x WhH2(0, ), we obtain for any ¢ € K that

™) [ e = [ e
0 0

) [ o= [Coe
0 0

Combining (6) and its analogies for other parameters and (7) and (8), it follows
that (u;v) is a nontrivial weak solution of the problem (5) with parameters «, 3, d.
O

Lemma 7. Let {A,}52, be a subset of 3 satisfying A, — A asn — oo. Let
(un;vn) be the nontrivial solutions corresponding to A,,. Let u,, (v, respectively)
take the zero value on (0, ) at the same number of points. Then the limit function
u (v respectively) has the same number of zero values.

PROOF: From the proof of the previous theorem, we know that (u;v) is a non-
trivial solution of the equation (5) with parameters given by A = lim, o Ay.

Without loss of generality, we prove the claim for the limit function u. The
proof for v is analogous. Denote the number of zero points of u,, by k.

First, we prove that u has only finitely many zero points. For contradiction,
suppose that u takes the zero value in at least countably many points on [0, 7).
Thus, by Bolzano-Weierstrass Theorem, there exists a limit point of the set {t €
[0, 7];u(t) = 0}. Let us denote it by z. Exactly, there exists a sequence {x, }22
satisfying u(x,,) = 0 for all n € N and z,, — 2z as n approaching the infinity. But,
since u,, € C?([0,7]) and w,, takes an extreme value on (2, Zn+1) (Or (Tpi1,Tn)
respectively), there also exists a sequence {y,,}52; such that y,, € (zy,zn+1) (or
Yn € (Tpy1,Tn) respectively), u/'(y,) = 0 and obviously, y, — z as n approaches
the infinity. Since u € C?([0,7]), it holds that u(z) = 0 = «/(2), but this is a
contradiction with Lemma 5.

From now on, the zero points of u are denoted by z;, ¢ =0,1,...,N,0 =z <
r <---<zxy <.

Without loss of generality, suppose that w is positive in a right neighborhood
of the origin. As wu, converge uniformly to u, using Lemma 5, for any € > 0
sufficiently small, we can find n. such that w, are strictly positive on (z2; +
€,T2;+1 — £) and strictly negative on (z9;41 + €, 2i42 — €) for every n > n.. It
implies that N < k. Indeed, for n large enough, u,, has to take zero value at least
once on (z; — &,x; + €) since u, are continuous on [0, 7]. Moreover, u,, can take
the zero value only on these intervals.

For contradiction, suppose now that N < k. First, assume that there exists a
sequence {y,}52; C [0,7) such that u,(y,) = 0 and y,, — 7 as n approaching the
infinity. But then u(7) = «/(7) = 0 and we get a contradiction with Lemma 5.

Secondly, if NV < k, then necessarily there exist two sequences

{yn}o, C[0,7) and {2,}32, C [0,7)
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such that y, < zn, un(yn) = un(zn) =0, up 7é 0 on (ynazn) and

. . N
nl1_>n;o Yn = nl1_>n;o Zn = € {x;}i20-
But simultaneously, for all n € N there exists &, € (yn, zn) such that u, (&,) = 0.
Necessarily, lim, .., &, = z. By using regularity of the problem, the solutions
Uy, u belong to W22(0,7) and there exists a subsequence of {u, )} such that
ul, ) = u’. This fact and the continuity of «], imply that

[ () = vy (E)] < [u' () = ' (€k)] + [0 (E) — upry (§)] = 0 as k — oo,

The conclusion is that u(x) = «'(x) = 0, which contradicts Lemma 5. O
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