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Boris RUDOLF*

Dept. of Math., Faculty of Electrical Engineering and Information Technology SUT
Ilkovicova 3, 812 19 Bratislava, Slovakia
Email: rudolf@kmat.elf.stuba.sk

ABSTRACT. A method of lower and upper solutions is used to prove the
existence of a solution of a boundary value problem with generalized bound-
ary conditions given by continuous linear functionals. The cases of Dirich-
let, Neumann, multipoint and integral conditions are covered.

AMS SuBJECT CLASSIFICATION. 34B10, 34B15

KeEYywoORrDS. Multiplicity result, lower and upper solutions, coincidence de-
gree.

The method of lower and upper solutions is, in connection with the topological
degree theory, widely used to prove the existence or multiplicity results for various
types of boundary value problems. See [1] — [8].

The aim of this paper is to extend the method of lower and upper solutions to
the case of boundary conditions given by the continuous linear functionals. Such
conditions are given by Riemann-Stjeltjes integrals.

We consider the second order differential equation

(1) a = f(tva:v/)

with the generalized boundary conditions

b
£(a) = / £(t)dgs (1) + k' (a)
(2) «
x(b) :/ x(t) dga(t) — ko' (b),
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where f : I = [a,b] x R?> — R is a continuous function, g;(t) are nondecreasing
functions with bounded variation, 1 > ¢;(b) — gi(a) and k; > 0.

We assume that g;, k;, are such that the boundary conditions are linearly
independent. Our purpose is to extend some existence results of [6] to the case of
the problem (1), (2).

Definition 1. The function a(t) is called a lower solution for the problem (1), (2)
if

o’ (t) > f(t, at), o' (1)),
b
3) @) < [ alt) (o) + ha'a)

b
a(b) < [ alt)dga(t) ~ kac' )
Similarly the function 3(t) is called an upper solution for the problem (1), (2) if
B(t) < f(t,B(1), B'(1)),
b
" 8a) = [ 6(0)dos (1) + (0

B(b) > / B(t) dga(t) — ka3 (b),

If the strict inequalities for o, 3” hold «, (3 are called strict lower and upper
solutions.

Remark 1. In the case of Dirichlet conditions z(a) = x(b) = 0, continuity of the
function f implies that for £ > 0 sufficiently small «(t) —e, 3(¢) + ¢ are strict lower
and upper solutions satisfying the strict inequalities (3), (4).

Therefore below we assume that in the case of Dirichlet conditions the strict
lower and upper solutions satisfy also the strict inequalities (3), (4).

Lemma 1. /8, p. 21}] Let h(s) be a positive continuous function such that

(5) | s =

f be a continuous function satisfying
[f@tzy)l < h(lyl)  for each |x| <r, t €1,

and let z(t) be a solution of the problem (1), (2) such that ||x|| < r. Then there is
a constant po > 0 such that ||z'|| < po.

Lemma 2. Let o, 3 be a strict lower and upper solutions and u(t) be a solution
of the problem (1), (2).
Then a(t) < u(t) implies a(t) < u(t) and B(t) > u(t) implies B(t) > u(t).
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Proof. Let 0 = u(to) — B(to) at to € (a,b). Then
0> u(to)"=PB(to)" = f(to, u(to), w'(to)) —B(to)” = f(to, B(to), B (to)) —B(ta)" > 0,

a contradiction.
Let 0 = u(a) — B(a), u(t) < B(t) for t € (a,b). If v/(a) = B'(a) we obtain the
same contradiction as above. Suppose u/(a) < §'(a).

We consider several cases.
Let k1 > 0. Then

tel

b
u(a) — B(a) < / u(t) — B(t) dgi(t) < (91(b) — g1(a)) max (u(t) — B(t)) <0,

a contradiction.
Let k; = 0. If g; is nonconstant on a subinterval [c,d] C (a,b) then

tel

b
u(a) — Bla) < / ult) — B(t) dga (t) < (91(8) — g1(a)) max (u(t) — A(1)) < 0,

a contradiction.

If g is constant on (a, b] then the first condition of (2) is reduced to Dirichlet
condition. With respect to Remark 1 we assume ((a) > 0. Then u(a) — 8(a) < 0,
a contradiction.

If g1 is constant on [a,b) then u(a) — B(a) < e(u(b) — (b)), ¢ < 1. That means
u(a) = B(a) implies u(b) = B(b). Using the boundary condition at point b and
considering the same cases as above we obtain a contradiction with the equality
u(b) — B(b) = 0. The last case g2 is constant on (a, b] leads either to the Dirichlet
conditions case, or to the linear dependance of boundary conditions.

Let X = C'(I), dom L = {z(t) € C*(I), z satisfies (2)}, Z = C(I). We denote
L:domLcC X — Z, Lz = 2",
N:X — Z, Na(t) = f(t,z(t), 2 (t)).
The problem (1), (2) is equivalent to the operator equation
Lx = Nz,

where the operator N is L-compact [2].
We denote

Qrp=A{2(t) € C' (), |z <r, [2"] < p}.

Lemma 3. Let
(i) there is a constant r > 0 such that f(t,r,0) > 0 and f(t,—r,0) <0,
(i1) |f(t, 2, y)| < h(ly|), h > e > 0 satisfies (5), for each t € I, |x| <.
Then there is pg > 0 such that the topological degree

D(L,N,$2,,) =1 (mod 2)

for each p > po i.e. there is a solution x(t) of (1), (2) such that |z(t)] < 7,
= (2)] < p.
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Proof. We consider the homotopy

Lz = N(z,)\)
defined by the parametric system of equations
(6) " = Nf(t,z,y) + (1= Nz, (2).

Now —r, r are a strict lower and upper solutions of the problem (6).

As |IMf(t,z,y)+ (1—N)z| < h(Jy|)+r, the assumptions of Lemma 1 are satisfied
for the function Af (¢, z,y) + (1 — A)z. Then the a priori bound of derivative and
Lemma 2 imply that no solution of (6) lies on the boundary of 012, ,, p > po.

By the generalized Borsuk theorem [3]

D(L,N(.,1),9,,) = D(L,N(.,0),£2,,) =1 (mod 2)
and Lemma 3 is proved.

Theorem 1. Let

(1) aft) < B(t) be a lower and upper solutions of the problem (1), (2).

(i) | f(t,z,y)| < h(ly]), for each (t,z,y), t € I, a(t) <z < [(t), y € R, where
h > e > 0 satisfies (5),

Then there is a constant py such that for each 2 = {z(t) € C*(I), «(t) <
z(t) < B1), ||2'|| < p}, p> po there is a solution x € 2 of (1), (2).

Moreover if a(t), B(t) are strict lower and upper solutions then

D(L,N,02) =1 (mod 2).

Proof. Let r = max{||||, ||B||}, M > max|f(t,x,0)| for t € I, |z| <r.
We define a perturbation

Ft,B8®), )+ M —BH)+M x>r+1,
f(t,8(1),y) + M(z — B(1)) Blt) <z <r+1,
[ ay) =4 f(t2,y) a(t) <z < B(t),
f(t,at),y) — M(a(t) — ) —-r—1<z<at),
ft,alt),y) — M — M(a(t) +7) =< —r—1.

The function f* satisfies the Nagumo condition as well as the assumptions of
Lemma 3 for §2,41,,, p > po where po is a constant from Lemma 1 for the function
fr

Suppose u(t) € £2,41,, is a solution of the problem

(7) a = f*(tvirva/)v (2)

We show that a < u < f3.
Let v(t) = u(t) — B(t) attains its maximum v,,q, > 0. Then G(t) + vpmas 1S &
strict upper solution of (7). Lemma 2 implies u(t) < B(t) 4 Vmae & contradiction.
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That means u(t) is a solution of (1), (2).
If a(t), B(t) are a strict lower and upper solutions then moreover
D(L,N*,2,,) = D(L,N*, Q) = D(L,N, ) = 1 (mod 2).

Theorem 2. Let

(i) | f(t,z,y)| < M,
(ii) o, B, B(t) < a(t), be a strict lower and upper solutions for the problem (1),

(2).

Then there are constants r,p > 0 such that
D(L,N,2)=1 (mod 2)
where 2 = {x(t) € CY(I), 3ty € I, B(ts) < x(ty) < alty), ||z|| <7, ||2'| < p}.

Proof. Let p= (b—a)2M and r = max (||«||, ||3]]) + (b — a)p.
We define a perturbation f* by

flt,x,y) + x>r+1,
flt,x,y) + (x—r) r<xz<r+1,
f*(t7x7y): (tl’y) —TSxST,
ft,z,y)+ Mx+r) —r—1<z<-r
flt,zy)— M r<—r—1.
Clearly r 4+ 1, —r — 1 are a strict lower and upper solutions of the problem
(8) = fr(tz,2"),  (2).
As |f*| < 2M then for each solution of (8) the boundary conditions (2) imply
that there is a constant p such that |2/(¢)| < p.
Therefore
D(L,N*,2r41,) =1 (mod 2)
Let now
O ={z(t) € 21, —r—1<z<pf},
2y ={z(t) € 2p1, a<z<r+1}
Then

D(L,N*, ) = D(L,N*,2,) =1 (mod 2)

Set 2, = 2r41,5 \ (.Ql U Qu) .

As —r — 1, a, r+ 1, 3 are strict lower and upper solutions, Lemma 2 implies
there is no solution v € 9§2,,.

The addition property of the degree means

D(L,N*, Q2,)=1 (mod 2)
on the set 2, = 2,11\ (Ql U Qu) , and finally the excision property implies
D(L,N*, 2,)=D(L,N*,2)=D(L,N,{2)=1 (mod 2).
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The Nagumo condition in Theorem 1 and the a priori bound of f in Theorem
2 are in the following theorems replaced by the one sided growth condition.

Theorem 3. Let
(Z) k1> 0,ky >0,
(i) there is M > 0 such that f(t,z,y) < M for each t € I, and each x,y € R.
(iii) o, B, a(t) < B(t), be a strict lower and upper solutions of the problem (1),

(2).
Then there is po > 0 such that for each p > py and 2 = {z(t) € CY(I), a(t) <
x(t) < B(t), ||2']] < p} there is

D(L,N,2)=1 (mod 2).
Proof. Let r = max{||«|, || 5]}

Let z(t) be a solution of (1), (2) such that ||z|] < r. Then the boundary
conditions (2) imply z’'(a) < z—: and x’(b) > —k—:. Therefore ||2’| < %—i—(b—a)M,
where k = min{ks, k2 }.

Let p1 = 7+ (b— )M + max{ /], 9]}

We define
1 s<t
X(s,t) =422 t<s<2t
0 s> 2t
and
9) £ =x(lzll, m)xlyll, pr) f (s 2, y).

Now f* is a bounded function and «, 3, are strict lower and upper solutions of
the problem

(10) 2 =tz ), (2).
Theorem 1 implies that there is po such that for each p > po
D(L,N*,2)=1 (mod 2).

We choose p > max{p1,p2} = po. For each solution x of (10) such that ||z| < r
there is ||2'|| < p1. Then f(t,z(t),2'(t)) = f*(t,z(t),2'(t)) and

D(L,N,2) = D(L,N*,02) =1 (mod 2).

Theorem 4. Let
(i) ky, ks > 0,
(i) there is M > 0 such that f(t,z,y) < M for each t € I, and each x,y € R.
(iii) o, B, B(t) < a(t), be a strict lower and upper solutions of the problem (1),

(2)
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Then there is r,p > 0 such that
D(L,N,2)=1 (mod 2)
where
2 ={a(t) € CUI), 3tz €I Blts) < a(ts) < alta), [zl <r, 2] < p}.

Proof. Let m = max{||«||, ||5]|}, z(t) be a solution and let It, € I f(t,) < x(tz) <
a(ty). Then |z(ty)] < m.
Let ¢1 be such that min z(¢) = x(¢1), and suppose that z(t1) < —m.
Let t; < t,. Then either 2/(t;) = O or t| = a.

In the case 2/(t1) = 0 there is 2/( ft s)ds < (b—t1)M, for t > t1. Then

$(t1) = f(tz) - /tm xl(s) ds > —m — (tm — tl)(b — tl)M.

t1

If ty = a then the boundary condition implies z(a) > z(a) (g1(b) — g1(a)) +
k12'(a). Hence k12'(a) < (1 — (g1(b) — g1(a))) z(a) which implies z/(a) < 0, a
contradiction.

Let ¢1 > t,. Then either 2/(t1) =0 or t; = b.

Again 2/(t1) = 0 implies that 2/'(¢t) = — :1 z'’(s)ds > —(t1 — a)M, for ¢t < 7.
Then

z(t1) = (ts) + /tt1 2'(s)ds > —m — (t1 — a)(b— t,) M.
If t; = b then z(b) > z(b) (g2(b) — g2(a)) — kea'(b) i.e. kaa'(b) > —(1 — (g2(b) —

g2(a)))z(b) which implies 2/(b) > 0, a contradiction.
That means x(t) > —m — (b — a)?M.

Suppose that there is t2 such that maxx(t) = z(t2) > m

Case ty > t1.
There is 2/ (t) = 2/ (t1) + j; s)ds < (ta — t1)M, for t € [t1,t5], and
ta
z(te) = z(t1) —|—/ 2'(s)ds < m + (to — t1)? M.
t1
Case ty < t1.

There is 2/ (t) = 2/(t1) — f:l x''(s)ds > —(t1 — t2) M, for t € [t2,t1], and

2(ts) = 3(t1) — / " 2(s)ds < m+ (ts — 11)2 M.

to

The above estimations give a priori bound of a solution

lz(t)| <r=m+ (b—a)’>M.
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Arguing as in the proof of the preceeding theorem we obtain that

(O] < 7+ (b - )M,

2
where again k = min{ky, k2 } and we put p; = % + (b—a)M + max{||]|, |7||}-

Using again the perturbation (9) and Theorem 2 we obtain that there is p
such that for each p > ps

D(L,N*,2)=1 (mod 2),
where
Q2= {zt) e CHI), I, €I B(t,) < x(ty) < alty), ||z <r, ||2/]| < p}.
We choose p > max(p1, p2) = po. A priori bounds of solutions imply
D(L,N,2)=D(L,N*,2)=1 (mod 2).

Remark 2. Tt is possible to replace the inequality in the condition (ii) of Theorem
3and 4 by f(t,x,y) > —M for each t € I, z,y € R.
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