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SOLVABILITY OF A PERIODIC TYPE BOUNDARY VALUE
PROBLEM FOR FIRST ORDER SCALAR FUNCTIONAL
DIFFERENTIAL EQUATIONS

ROBERT HAKL, ALEXANDER LOMTATIDZE AND JIRI SREMR

ABSTRACT. Nonimprovable sufficient conditions for the solvability and
unique solvability of the problem

W) = Fa)®),  u(a) = Mu(b) = hu)
are established, where F : C([a, b]; R) — L([a,b]; R) is a continuous op-
erator satisfying the Caratheéodory conditions, h : C([a,b]; R) — R is a
continuous functional, and A € R4.

INTRODUCTION

The following notation is used throughout the paper.
R is the set of all real numbers, R = [0, +o0].
C(Ja, b]; R) is the Banach space of continuous functions « : [a,b] — R with
the norm |ju||c = max{|u(t)| : a <t < b}.
C(la,b]; Ry) = {u € C([a,b]; R) : u(t) = 0 for t € [a, b]}.
C([a, b]; R) is the set of absolutely continuous functions u : [a,b] — R.

B)\p([a b); R), where ¢ € Ry and i € {1,2}, is the set of functions u €
C([a, b]; R) satisfying

(=) (u(a) — Au(b)) sgn ((2 — i)u(a) + (i — L)u(d)) < c.
L([a,b]; R) is the Banach space of Lebesgue integrable functions p : [a,b] —
b
R with the norm ||p||r = [ |p(s)| ds.

L([a,b]; R+) = {p € L([a,b]; R) : p(t) > 0 for almost all ¢ € [a, b]}.
My is the set of measurable functions 7 : [a,b] — [a, b].
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Lap is the set of linear operators ¢ : C([a, b]; R) — L([a, b]; R) for which there
is a function 7 € L([a, b]; R+) such that

)@ <n®)|v|e for t€la,b], veC(a,b;R).

Pap is the set of linear operators £ € Ly, transforming the set C([a,b]; Ry)
into the set L([a, b]; R4).

Kab is the set of continuous operators F' : C([a, b]; R) — L(]a, b]; R) satisfying
the Caratheéodory conditions, i.e., for each r > 0 there exists ¢, € L([a, b]; R+)
such that

|[F'(v)(t)] < qr(t) for te€a,b], |vlc <.

K([a,b] x A; B), where A C R%, B C R, is the set of functions f : [a,b] x
A — B satisfying the Caratheéodory conditions, i.e., f(-,z) : [a,b] — B is a
measurable function for all x € A, f(¢,-) : A — B is a continuous function for
almost all ¢ € [a, b], and for each r > 0 there exists ¢, € L([a, b]; R+) such that

lf(t,z)] < g (t) for te€fa,b], zeA, |z| <r.
2]+ = 3(j| +2), [2]- = 5(2| - 2).

By a solution of the equation
(0.1) u'(t) = F(u)(t),

where F € Kgp, we understand a function u € C ([a, b]; R) satisfying the equality
(0.1) almost everywhere in [a, b].

Consider the problem on the existence and uniqueness of a solution of (0.1)
satisfying the boundary condition

(0.2) u(a) — Au(b) = h(u),

where h : C([a,b]; R) — R is a continuous functional such that for each r > 0
there exists M, € R, such that

h(v)] < M, for lvllc <7,

and A € R,.

For ordinary differential equations, i.e., when the operator F is so—called
Nemitsky operator, the problem (0.1), (0.2) have been studied in details (see
[8,19-22] and references therein). The basis of the theory of general boundary
value problems for functional differential equations were laid down in mono-
graphs [1] and [29] (see also [2, 3, 9, 10, 19, 24-28]). In spite of a large number
of papers devoted to boundary value problems for functional differential equa-
tions, only a few efficient sufficient solvability conditions are known at present
even in the linear case

(0-3) u'(t) = £(u)(t) + qo(t),
(0.4) u(a) — Au(b) = ¢
where £ € Lap, qo € L([a,b]; R), and ¢y € R (see [5-7, 11-18, 30]). Here, we

try to fill this gap in a certain way. More precisely, in Sections 1 and 2 there
are established nonimprovable effective sufficient conditions for the solvability
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and unique solvability of the problems (0.3), (0.4) and (0.1), (0.2), respectively.
Section 3 is devoted to the examples verifying the optimality of the main results.

All results are concretized for the differential equations with deviating ar-
guments of the forms

(0.5) W' (t) = p(tyu(r(t)) — g(t)u(u(t)) + f(t,ut), u(v (1)),
and
(0.6) W' (t) = p(t)u(r(t)) — g(t)u(pt)) + qo(t),

where p,g € L([a,b]; Ry), g0 € L([a,b]; R), 7,1,v € Map, and f € K([a,b] x
R%R).

1. LINEAR PROBLEM

We need the following well-known result from the general theory of linear
boudary value problems for functional differential equations (see, e.g., [4, 24,
29]).

Theorem 1.1. The problem (0.3), (0.4) is uniquely solvable iff the correspond-
ing homogeneous problem

(0.30) u'(t) = £(u)(t),

(0.4p) u(a) — Au(b) =0

has only the trivial solution.

Remark 1.1. It follows from the Riesz—Schauder theory that if £ € Eab and

the problem (0.3p), (0.49) has a nontrivial solution, then there exist g9 €
L([a,b]; R) and ¢ € R such that the problem (0.3), (0.4) has no solution.

Definition 1.1. We will say that an operator £ € Eab belongs to the set V()
(resp. V~(A)), if the homogeneous problem (0.3p), (0.4¢) has only the trivial
solution, and for arbitrary qo € L([a,b]; R+) and ¢y € R4, the solution of the
problem (0.3), (0.4) is nonnegative (resp. nonpositive).

Remark 1.2. From Definition 1.1 it immediately follows that £ € V' (\) (resp.
¢ € V7 (A)), iff for the equation (0.3) the certain theorem on differential inequal-
ities holds, i.e., whenever u,v € C([a, b]; R) satisfy the inequalities

W) L +ald), VOO F o) for  telab],
u(a) — Au(b) < wv(a) — Mv(b),
then u(t) < w(t) (resp. u(t) > v(t)) for t € [a,b].

1.1. MAIN RESULTS

Theorem 1.2. Let A € [0, 1] and there exist an operator
(1.1) lo e VT (N)
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such that, on the set {v € C([a,b]; R) : v(a) — M (b) = 0}, the inequality
(1.2) L(v)(t) sgno(t) < o(|v])(t) for  te€]a,b]
holds. Then the problem (0.3), (0.4) has a unique solution.

Remark 1.3. Theorem 1.2 is nonimprovable in a certain sense. More precisely,
the inequality (1.2) cannot be replaced by the inequality

(1.3) L(v)(t)sgno(t) < (1+e)lo(|v])(t) for  t€a,b],
and the condition (1.1) cannot be replaced by the condition
(1.4) (1—e)oeVT(N),

no matter how small € > 0 would be (see On Remarks 1.3 and 1.4, and Exam-
ples 3.1 and 3.2).

Theorem 1.3. Let )\ € [ 1[ and there exist £y, €1 € Pap such that, on the set
{v e C([a,b]; R) : v(a) — Av(b) = 0}, the inequality
)

(1.5) [£(w)(t) + L (0)(@)] < Lo(lo))(t)  for T € a,b]
holds. If, moreover,
1
(1.6) lo € VT(N), —561 evrtN),
then the problem (0.3), (0.4) has a unique solution.

Remark 1.4. Theorem 1.3 is nonimprovable. More precisely, the condition
(1.5) cannot be replaced by the condition

(L.7) [£(0)(#) + L()O)] < (A +e)lo(|v)()  for  t€la,b],

and the assumption (1.6) can be replaced neither by the assumption

1
(1.8) (1—¢e)lyg € VT(N), —561 cevrt\),
nor by the assumption
1
1.9 lo € VT (A — 6 e V(A
(19) EVEN.  —yh eV,

no matter how small £ > 0 would be (see On Remarks 1.3 and 1.4, and Exam-
ples 3.1, 3.2 and 3.3).

Remark 1.5. Let A € [1, 400, £ € Lay, qo € L([a,b]; R), and ¢y € R. Intro-
duce the operator 9 : L([a,b]; R) — L([a, b]; R) by setting
Y(w)(t) = wla+b—1).

Let ¢ be the restriction of ¥ to the space C([a,b]; R). Put ¥ = 1, ¢p = —dco
and

iy def ~ def
Lw)(t) = = (Le))(t),  Go(t) = —t(qo)(t).
It is clear that if u is a solution of the problem (0.3), (0.4) then the function

v ©(u) is a solution of the problem

(1.10) V() = 00)(t) + qolt),  wv(a) —du(b) =3,



SOLVABILITY OF A PERIODIC TYPE BVP FOR FIRST ORDER FDES 93

and vice versa, if v is a solution of the problem (1.10) then the function
u ©(v) is a solution of the problem (0.3), (0.4).

Therefore, £ € Vt(\) (resp. £ € V~())) if and only if lev- (9) (resp.
U e V).

According to Remark 1.5, Theorems 1.2 and 1.3 imply
Theorem 1.4. Let A € |1,400[ and there exist an operator
b e V(N
such that, on the set {v € C([a,b]; R) : v(a) — Av(b) = 0}, the inequality
(o)) sgno(t) > o(le))(t)  for t€ [ah
holds. Then the problem (0.3), (0.4) has a unique solution.

Theorem 1.5. Let A € ]1,+oo[ and there exist £y, €1 € Pyp such that, on the
set {v € C([a,b]; R) : v(a) — Av(b) = 0}, the inequality

[£(0)(#) = La()@)] < Lo(lo)(®)  for € a,b]

holds. Let, moreover,
1
—fo cV™ (/\), 551 S V_()\)
Then the problem (0.3), (0.4) has a unique solution.

Remark 1.6. According to Remarks 1.3—1.5, the conditions in Theorems 1.4
and 1.5 are also nonimprovable in an appropriate sense.

Remark 1.7. In [17] and [18], effective nonimprovable sufficient conditions for
an operator £ € Ly to belong to the set VT (\) or V= (\) have been established.
Therefore, according to Theorems 1.2-1.5, the following corollaries are valid.

Corollary 1.1. Let A € [0,1] and the functions p, T satisfy at least one of the
following conditions:
a) 7(t) <t fort € [a,b] and
b

Aexp (/p(s)ds) <1;

a

b) there exists o € |0, 1[ such that

p(s) ds) for t€la,bl;
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5

b b 7(s) b

Aexp (/p(S) dS) +/p(8)0(8)< /p(§) dé“) exp (/p(n) dn) ds <1,

a a S S

where o(t) = $(1 +sgn (7(t) —t)) for t € [a,b];
d) AX#0, p £ 0 and there exist x € ]0,1 —] such that

7(t)
SN O P G
esssup{/p(s)ds.te[ ,b}}< . ( +1 |p|L(€I—1)>7

t

while the functions g, p satisfy at least one of the following conditions:

e) A#£0 and
/g(s)ds§2)\;

£) w(t) <t fortela,b] and

b
/g(s)ds§2;

g) u(t) <t fort€la,b] and
/ / eXp / 9(n) dn) d€ds < 4;
u(s) (&)
h) g #0, p(t) <t fort € la,b] and
¢
ess sup{ / g(s)ds:te [a,b]} <2n",
w(t)

where

N 1 T
n"=sup{ —In |z + x>0
x

exp (% afbg(S) d8> -

Then the problem (0.6), (0.4) has a unique solution.

Corollary 1.2. Let A € |1,4o00[ and the functions g, u satisfy at least one of
the following conditions:

a) u(t) >t fort € la,b] and

exp (/bg(s) ds) <A
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b) there exists o € 10, 1[ such that

X — 1/1)9 /bg d5d8+/g()/bg(§)d§ds

a p(s) w(s)

< ( g(s) ds> (ﬁ/g(s) d8+/bg(s) ds>

for te [a, bl;
c)
1 b b s s
Cexp ( [ 9 ds> +f g<s>o<s>< [ 9 d£> exp ( [ ot dn> ds <1,
a a n(s) a

where o(t) = £(1+sgn (t — u(t))) fort € [a,b];
d) g # 0 and there exist x € ]0,1In A] such that

38 SU / s)ds : a gl . n(/\——l)x
es p{/g()d .te[,b]}< " ( +1 /\||g|L(em—1)>’

w(t)

while the functions p, T satisfy at least one of the following conditions:

)

£) 7(t) > ¢ fort € [a,b] and

g) 7(t) >t fort € [a,b] and
7(8)

/ / &) exp ( / p(n) dn) déds < 4;

h) p#£0, 7(t) >t fort € [a,b] and

7(t)
ess sup{ /p(s)ds:te [a,b]} < 2K*,

t
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where

N 1 T
k*=supq —In|z+ x>0
x

exp (% fbp(s) ds) -1

Then the problem (0.6), (0.4) has a unique solution.

1.2. PROOFS OF MAIN RESULTS

Proof of Theorem 1.2. According to Theorem 1.1, it is sufficient to show
that the problem (0.3p), (0.49) has only the trivial solution.
Let u be a solution of (0.3¢), (0.4¢). Then, in view of (1.2), we have

() = e(u)(t) sgnu(t) < Lo(ful)(t)  for ¢ € [a,b],
Ju(a)| = Alu(b)] = 0.

Hence, |u| is a solution of the problem (0.3), (0.49) with £ = £y and qo(t) =
lu(t)|” — €(Ju])(t) < 0 for t € [a,b]. Therefore, according to (1.1), we obtain
lu(t)] < 0 for t € [a,b], i.e. u = 0. O

Proof of Theorem 1.3. According to Theorem 1.1, it is sufficient to show
that the problem (0.3p), (0.49) has only the trivial solution.
Let u be a solution of (0.3p), (0.4p). Then, in view of (0.3p), u satisfies

1 1
(1.11) /() = —561(11)(15) +(u)(t) + 561(u)(t), u(a) — Mu(b) =0.
By virtue of the assumption —%El € V*()) and Theorem 1.1, the problem
1 1
(112) o'(t) = =56(@) ) + Lo(jul)() + 5a(ul)(t),  ala) = Aa(b) =0
has a unique solution «. Moreover, since £y, £ € Py and —%Zl e V),
(1.13) alt) >0 for ¢ € [a,b].
The equality (1.12), in view of (1.5) and the condition 1 € Py, yields
1 1
o (t) > —551(a)(t) + L(u)(t) + §él(u)(t) for t € [a,b],
1 1
(—a() < —50(=a)(t) + L)1) + S (u)(t)  for t € [a,b].

The last two inequalities and (1.11), on account of the assumption —%él €
VT (A) and Remark 1.2, yield

(1.14) lu(t)| < a(t) for t € [a,b].
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On the other hand, due to (1.14) and the conditions ¢y, {1 € Py, the equality
(1.12) results in

o/ (t) < Lo()(t) for t € [a,b].

Since £y € VT ()), the last inequality, together with a(a) — Aa(b) = 0, yield
a(t) <0 for ¢ € [a,b] which, in view of (1.13), implies & = 0. Consequently, it
follows from (1.14) that u = 0. O

2. NONLINEAR PROBLEM

Throughout this section we assume that ¢ € K ([a, b] x R1; R4) is nondecreasing
in the second argument and satisfies

b

(2.1) lim l/q(s,x) ds=0.

r——400o I
a

2.1. MAIN RESULTS

Theorem 2.1. Let A € [0,1], ¢c € R4,

(2.2) h(v)sgnu(a) <c for v e C([a,b]; R),

and let there exist Lo, {1 € Papy such that on the set B ([a,b]; R) the inequality
(23) [F)(0) +60)0)] senv®) < bo(o)(®) +alt, [ollc)  for t € [ab]

is fulfilled. If, moreover,

(2.4) lo e VTN, —l e VTN,

then the problem (0.1), (0.2) has at least one solution.

Remark 2.1. Theorem 2.1 is nonimprovable in a certain sense. More precisely,
the inequality (2.3) cannot be replaced by the inequality

(2.5) [F(0)(t) + 1 (v)(1)] sgno(t) < (1+e)bo(o])(t) + q(t, [[v]lc)

no matter how small € > 0 would be. Moreover, the condition (2.4) can be
replaced neither by the condition

(2.6) (1—e)lo e VT (N), —l eV,
nor by the condition
(2.7) lo e VT(N), —(1—e)y e V*T(N),

no matter how small € > 0 would be (see On Remark 2.1 and Example 3.4).
Theorem 2.2. Let A € [0,1],
(28)  [h(v) = h(w)]sgn (v(a) —w(a)) <O for v,we C([a,b}; k),
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and let there exist o, {1 € Py such that, on the set Bi ([a,b]; R), where ¢ =
|h(0)], the inequality

[F(0)(t) = F(w)(t) + £1(v — w)(8)] sgn (v(t) — w(t)) < Lo(lv — w])(t)

is fulfilled. If, moreover, the condition (2.4) is satisfied, then the problem (0.1),
(0.2) has a unique solution.

Remark 2.2. Theorem 2.2 is nonimprovable in a certain sense (see On Re-
mark 2.2).

Remark 2.3. Let A € [1,+00[, o, 9 be the operators defined in Remark 1.5.
Put ¥ = §, and
-~ def i def
Fw)(t) = —y(F(p(w)) (),  h(w) = —Ih(p(w)).
It is clear that if u is a solution of the problem (0.1), (0.2), then the function
def . .
v = p(u) is a solution of the problem
(29) V(1) = F)®),  v(a) = du(b) = h(v),
and vice versa, if v is a solution of the problem (2.9), then the function u &f p(v)

is a solution of the problem (0.1), (0.2).

In view of Remarks 1.5 and 2.3, the following results are an immediate
consequence of Theorems 2.1 and 2.2.

Theorem 2.3. Let A €]1,+00[, ¢ € Ry,

(2.10) h(v)sgnv(b) > —c for veC([a,b]; R),

and let there exist Lo, {1 € Pap such that, on the set B ([a,b]; R), the inequality
[F(0)(t) = 6(v)(1)] sgno(t) = —Lo(Jv)(t) — q(t,|lvlle)  for t € [a,D]

1s fulfilled. If, moreover,

(2.11) —LyeV—(N), LeVvV—(\),

then the problem (0.1), (0.2) has at least one solution.

Theorem 2.4. Let A €]1,+oo[,

(2.12) [h(v) = h(w)]sgn (v(b) — w(b)) =0 for v,w € C([a,b]; R),

and let there exist Ly, 01 € Py such that, on the set B3 ([a,b]; R), where ¢ =
|h(0)|, the inequality

[F()(t) = F(w)(t) — £1(v — w)(t)] sgn (v(t) —w(t)) = —Lo(|v — wl)(t)
is fulfilled. If, moreover, the condition (2.11) is satisfied, then the problem
(0.1), (0.2) has a unique solution.

Remark 2.4. According to Remarks 1.5, 2.1, 2.2, and 2.3, Theorems 2.3
and 2.4 are nonimprovable in an appropriate sense.

For the problem (0.5), (0.2), Theorems 2.1-2.4 imply the following asser-
tions.
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Corollary 2.1. Let A € [0,1], ¢ € Ry, the condition (2.2) be fulfilled, and
flt,z,y)sgne < q(t, |x|) for t€la,b], z,y € R.

Let, moreover, the functions p, T satisfy at least one of the conditions a), b),
c) or d) in Corollary 1.1, while the functions g, p satisfy at least one of the
following conditions:

) A#0 and
/bg(S)d8<A,
£) u(t) <t fort e lab] and
/bg(S)d8< 1;

g) u(t) <t fort € la,b] and

/ / ) exp / g(n)dn | d€ds <1;

1(s) m(&)
h) g0, u(t) <t forte [a,b | and

ess sup g s)ds:t€la,b] p <n*,
n(t)
where
n" = sup a cx >0
eXp (s) ds) -1
Then the problem (0.5), ) has at least one solution.

Corollary 2.2. Let \ € [0,1[, the condition (2.8) be fulfilled, and
[f(t, 21, 91)— f(t, 22, y2)] sgn(z1—22) <O for t € [a,b], 1,y1,22,52 € R.

Let, moreover, the functions p, T satisfy at least one of the conditions a), b),
c¢) or d) in Corollary 1.1, while the functions g, u satisfy at least one of the
conditions e), f), g) or h) in Corollary 2.1. Then the problem (0.5), (0.2) has
a unique solution.

Corollary 2.3. Let A € |1,4+00[, ¢ € Ry, the condition (2.10) be fulfilled, and
flt,z,y)sgne > —q(t, |z|) for t €la,b], z,y € R.

Let, moreover, the functions g, u satisfy at least one of the conditions a), b),
c) or d) in Corollary 1.2, while the functions p, T satisfy at least one of the
following conditions:
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£) 7(t) > ¢ fort € [a,b] and

g) 7(t) >t fort € [a,b] and
b 7(s) 7(§)

/ / &) exp / p(n)dn | d¢ds < 1;

h) p£0, 7(t) >t fort € [a,b] and
7(t)

ess sup /p Yds it € [a,b] p < K",
t

where
k" = sup x x>0
eXp (s) ds) -1
Then the problem (0.5), ) has at least one solution.

Corollary 2.4. Let A € ]1,—1—00[, the condition (2.12) be fulfilled, and
[f(t,z1,01) = f(t, 22, 92)] sgn(z1 —x2) =20 for t € [a,b], x1,y1, 22,52 € R.

Let, moreover, the functions g, u satisfy at least one of the conditions a), b),
c¢) or d) in Corollary 1.2, while the functions p, T satisfy at least one of the
conditions e), f), g) or h) in Corollary 2.3. Then the problem (0.5), (0.2) has
a unique solution.

2.2. AUXILIARY PROPOSITIONS AND PROOF OF MAIN RESULTS

First we formulate a result from [26, Theorem 1] in a suitable for us form.

Lemma 2.1. Let there exist {1 € Eab and a positive number p such that the
problem

(2.13) u' (t) + 41 (u)(t) = 0, u(a) — du(b) =
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has only the trivial solution and for every § € 0,1[, an arbitrary function
u € C([a,b]; R) satisfying the relations

(2.14)  u'(t) + bu(uw)(t) = 0[F(u)(t) + Lu(w)(®)],  ula) — Au(b) = 6h(u),
admits the estimate

(2.15) lulle < p.

Then the problem (0.1), (0.2) has at least one solution.

Definition 2.1. We say that the pair of operators (¢p,¢1) belongs to the set
U(N), if by € Pap, €1 € Eab, and there exists a positive number r such that,
for arbitrary ¢* € L([a,b]; Ry) and ¢ € Ry, every function u € C([a,b]; R)
satisfying the inequalities

(2.16) [u(a) — Au(b)]sgnu(a) < ¢,
(2.17) [u/(t) + £1(u)(t)] sgnu(t) < Lo(Jul)(t) + q*(t) for té€[a,b],
admits the estimate

(218)  lulle <r(c+lql) -
Lemma 2.2. Letc € Ry,
(2.19) h(v)sgnov(a) <c for v e C(a,b]; R),

and let there exist (Lo, 0¢1) € U(N) such that, on the set Bi_([a,b]; R), the in-
equality

(2.20) [F(v)(t) + ta(v)(t)] sgno(t) < Lo(|o])(t) +alt.[lvlle)  for t€ la,0]
is fulfilled. Then the problem (0.1), (0.2) has at least one solution.

Proof. First note, that due to the condition (£o,£1) € U(A), the homogeneous
problem (2.13) has only the trivial solution.

Let r be the number appearing in Definition 2.1. According to (2.1), there
exists p > 2rc such that

b

1 1
— ds < — f >p.
x/q(s,x) s o or xT>p

Now assume that a function u € C([a,b]; R) satisfies (2.14) for some & €
]0,1[. Then, according to (2.19), u satisfies the inequality (2.16), i.e., u €
B3 ([a,b]; R). By (2.20), the inequality (2.17) is fulfilled with ¢*(t) = q(, |lu||c)
for ¢ € [a,b]. Hence, by the condition ({y,¢1) € U(X) and the definition of the
number p, the estimate (2.15) holds.

Since p depends neither on u nor on J, from Lemma 2.1 it follows that the
problem (0.1), (0.2) has at least one solution. O
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Lemma 2.3. Let
(2.21) [h(v) = h(w)] sgn (v(a) — w(a)) <0 for v,w € C([a,b]; R),
and let there exist ({o,¢1) € U(N) such that, on the set Bi_([a,b]; R), where
¢ = |h(0)|, the inequality
[F(v)(t) = F(w)(t) + £1(v — w)(t)] sgn (v(t) — w(?))

< Lo(lv —wl|)(t) for t € [a,b]
is fulfilled. Then the problem (0.1), (0.2) has a unique solution.
Proof. It follows from (2.21) that the condition (2.19) is fulfilled with ¢ =
|h(0)]. By (2.22), we get that, on the set B} ([a,b]; R), the inequality (2.20)
holds, where ¢ = |F(0)|. Consequently, the assumptions of Lemma 2.2 are
fulfilled and so the problem (0.1), (0.2) has at least one solution. It remains to
show that the problem (0.1), (0.2) has at most one solution.

Let u1, ue be solutions of the problem (0.1), (0.2). Put u(t) = uq(t) — ua(t)
for ¢ € [a,b]. By (2.21) and (2.22) it is clear that

[u(a) — Au(b)]sgnu(a) <0,

(2.22)

[u/(t) + £1(u) ()] sgnu(t) < Lo(Jul)(t) for ¢ € [a,b].
Now the condition (g, £¢1) € U(\) implies u = 0, consequently, u1 = us. O
Lemma 2.4. Let {g € Eab and the homogeneous problem
V() = Lo(v)(t), v(a) — Av(b) =0

have only the trivial solution. Then there exists a positive number vy such that,
for arbitrary ¢* € L([a,b]; R) and ¢ € R, the solution v of the problem

(2.23) V' (t) = Lo(v)(t) + ¢* (1), v(a) — Av(b) =c
admits the estimate

(2.24) lvlle < ro(lel +lla"llL) -

Proof. Let

R x L(la,b]; R) = {(c,q") : c € R.q" € L([a, b]; R)}
be the Banach space with the norm
(¢, a")lrxL = le| + llg* ||z,

and let © be an operator mapping every (¢, ¢*) € Rx L([a, b]; R) to the solution
v of the problem (2.23). According to Theorem 1.4 in [24], Q : Rx L([a, b]; R) —
C([a,b]; R) is a linear bounded operator. Denote by r¢ the norm of Q. Then,
clearly, for every (c,q*) € R x L([a,b]; R), the inequality

12(e, a)lle < ro(lel + llallz)

holds. Consequently, the solution v = Q(c, ¢*) of the problem (2.23) admits
the estimate (2.24). O

Lemma 2.5. Let A € [0,1[, £y, {1 € Pap, lo € VT (N), and —¢1 € VT(X). Then
(Lo, £1) € U(N).
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Proof. Let ¢* € L([a,b]; Ry ), ¢ € Ry, and u € C([a, b]; R) satisfy the inequal-
ities (2.16) and (2.17). We will show that (2.18) holds, where r = r( is the
number appearing in Lemma 2.4.

It is clear that

(2.25) u'(t) = =t (u)(t) +4(t)
where
q(t) =o' (t) + £1(u)(t) for t € [a,b].
Evidently, according to (2.17),
(2.26) q(t) sgnu(t) < Lo(|ul)(t) + ¢*(t) for ¢ € [a,b].

Furthermore, from (2.25), in view of the assumption ¢1 € P, and the inequality
(2.26), it follows that

[u(®)]y < (fu]-) (@) + Lo(lul)(t) + ¢ (1)
(2.27) = —Lo([ul ) () + G (Jul) (@) + Lo(Jul)(t) + ¢ (1)
for t € [a,b],
and
()] < a([ul+) (1) + Lo(lul)(t) + g (1)
(2.28) = —lo(fu] ) (8) + G (Jul) () + Lo([ul)(t) + ¢ (1)
for t € [a,b].
Since —¢; € VT ()), according to Theorem 1.1, the problem
(2.29) o (t) = —t(@)(t) + Lu(Jul)(®) + Lo(Jul)(®) + a7 (), ala) — Aa(b) = ¢

has a unique solution «. Moreover, from (2.27), (2.28), and (2.29), on account
of the conditions —¢; € V*(\) and

u(@)]s — A®)s <c,  [u(@)]- — Au(®)- <c,
it follows that

W]+ <alt),  [W®]- <a@)  for te o
and consequently
(2.30) lu(t)] < a(t) for t € [a,b].

By (2.30) and the condition £y, 1 € Pap, (2.29) results in
o/ (t) < Lo(a)(t) + q*(t) for t € [a,b].
Since £y € V*(A) and a(a) — Aa(b) = ¢, the latter inequality yields

(2.31) a(t) < v(t) for t € [a,b],
where v is a solution of the problem (2.23). Now from (2.30) and (2.31),
according to Lemma 2.4, the estimate (2.18) holds. O

Theorem 2.1 follows from Lemmas 2.2 and 2.5, whereas Theorem 2.2 is a
consequence of Lemmas 2.3 and 2.5.
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3. ON REMARKS 1.3, 1.4, 2.1 AND 2.2

On Remarks 1.3 and 1.4. In Examples 3.1, 3.2 and 3.3, there are constructed
operators £ € Lg, such that the homogeneous problem (0.30), (0.4¢) has a
nontrivial solution. Then, according to Remark 1.1, there exist qo € L([a, b]; R)
and ¢y € R such that the problem (0.3), (0.4) has no solution.

Example 3.1. Let € > 0 and the operators ¢, ¢y € Lab be defined by

(3.1) () (1) = L+ e)pt®d),  o()(t) < plt)u(b),
where p € L([a, b]; Ry) is such that

b
(3.2) /p(s) ds = 112 .

According to Corollary 1.1 b) in [17], we have £y € VT ()X). Obviously, the
assumptions of Theorem 1.2 are fulfilled except of the condition (1.2), instead
of which the condition (1.3) is satisfied. Moreover, the assumptions of Theo-
rem 1.3 are fulfilled with ¢; = 0, except for the condition (1.5), instead of which
the condition (1.7) is satisfied.

On the other hand, the problem (0.3p), (0.4¢) has a nontrivial solution

¢
u(t)zA—!—(l—i—e)/p(s)ds for ¢ € [a,b].
Example 3.1 shows that the inequalities (1.2) and (1.5) in Theorems 1.2

and 1.3 cannot be replaced by the inequalities (1.3) and (1.7), respectively, no
matter how small € > 0 would be.

Example 3.2. Let ¢ € ]0,1[ and the operator ¢ € Lab be defined by

def
(3-3) t(v)(t) = p(t)o(b),
where p € L([a, b]; Ry) is such that
b
(3.4) /p(s) ds=1-\.
Put ¢y = ¢, £, = 0. Then the conditions (1.2) in Theorem 1.2 and (1.5) in
Theorem 1.3 are fulfilled. Furthermore, according to Corollary 1.1 b) in [17],
we have (1 —e)ly € V().
On the other hand, the problem (0.3p), (0.4¢) has a nontrivial solution
¢
u(t) = A+ /p(s) ds for ¢ € [a,b].

Example 3.2 shows that the condition (1.1) in Theorem 1.2 and the condition
(1.6) in Theorem 1.3 cannot be replaced by the condition (1.4) and (1.8), no
matter how small € > 0 would be.
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Example 3.3. Let € >0, 6 = 5(11%, and £ € Loz be an operator defined by
(3.5) (w)() = p)o(r(0))
where
1-XA—=4§ fortel0,1] 3 fortel0,1]
p(t) = -2 fort€[1,2] , 7(t)=<1 fortell,2] .
-2 for t € [2,3] 2 forte 2,3

Let, moreover,

(36)  L®® E p@u(n®),  AE)EE pbo(n),
where po = [pl+, p1 = [p]-,
0 fortel0,1]
=3, n()=41 forte[l,2].
2 fortel2,3

Tt is clear that £y, ¢1 € Pos and the condition (1.5) is fulfilled. Moreover,
1

3
/40(1)(s)ds - /po(s)ds Sl A—d<l-A.
0 0
Consequently, according to Corollary 1.1 b) in [17], £y € VT (A). It is not
difficult to verify that the homogeneous problem
1
/
t) = —
wit)=—37
has only the trivial solution and, for arbitrary ¢o € L([0,3]; R+) and ¢y € R4,
the solution of the problem
1
u'(t) = ~5 861(u)(t) +qo(t), u(0) — Mu(3) = ¢

is nonnegative. Therefore, by Definition 1.1, we obtain —%ﬁﬁl e VT(N).
On the other hand, the function

O, u(0) = Mu(3) =0

(I=A=08)t+A for t € [0,1]
u(t) =4 (2-0)(1—t)+1-4§ fortel[l,2]
2t—5 for ¢ € [2, 3]

is a nontrivial solution of the problem (0.3¢), (0.4o).

Example 3.3 shows that the assumption (1.6) in Theorem 1.3 cannot be
replaced by (1.9), no matter how small € > 0 would be.

On Remark 2.1. Let ¢ > 0, £,{y € Lq, be defined by (3.1), where p €
L([a,b]; R4+) satisfies (3.2). According to Example 3.1, the problem (0.3),
(0.40) has a nontrivial solution. By Remark 1.1, there exist ¢o € L([a,b]; R)
and ¢y € R such that the problem (0.1), (0.2), where

(3.7 F)®) ¥ e@)t)+qt) for t€lab], h)=co,
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has no solution, while the conditions (2.2), (2.4) and (2.5) are fulfilled with
¢ =lcol, ¢ = |qo|, 1 = 0. Thus, Example 3.1 shows that the condition (2.3) in
Theorem 2.1 cannot be replaced by the condition (2.5), no matter how small
€ > 0 would be. B

Let € € 10,1, £ € Lgp be defined by (3.3), where p € L(]a, b]; R+) satisfies
(3.4). According to Example 3.2, the problem (0.3p), (0.49) has a nontrivial
solution. By Remark 1.1, there exist qo € L([a,b]; R) and ¢y € R such that
the problem (0.1), (0.2), where F' and h are defined by (3.7), has no solution,
while the conditions (2.2), (2.3) and (2.6) are fulfilled with ¢ = |co|, ¢ = |qo|,
Ly = ¢, and ¢; = 0. Therefore, Example 3.2 shows that the condition (2.4) in
Theorem 2.1 cannot be replaced by (2.6), no matter how small € > 0 would be.

Example 3.4. Let A € ]0,1[ (for the case A = 0 see [15]), € € ]0,1[, § =
g(1—=X), ¥ €]0,1 — 6 such that ¥ < 2=, £ € Lo5 be an operator defined by
(3.5), where

1-X—06 forte|0,1] 5 forte01]
or
0 for t € [1,2[U[3,4] ’
p() =19 149 , T(t)=1<1 forte[L,3],
Ty forte[23] 3 fort € [3,5]
—(1+9) fortel[4,5] ’
and £y, ¢1 be defined by (3.6), where pg = [p]+, p1 = [p]-,
0 forte|0,1]
To=9H, ) =<1 forte[l,3] .
3 fort € [3,5]
Put
0 for t €[0,1[U[2,3[U[4,5]
Z(t): _% for t € [1,2[
—17(11%19;9“73) for t € [3,4]

It is clear that —z € L([0,5]; R+), £o,£1 € Pos and
5

/éo(l)(s)dSZ/po(s)dSZ1—/\—5< -2,
0

0

Consequently, according to Corollary 1.1 b) in [17], £y € VT (A). It is not
difficult to verify that the homogeneous problem

u'(t) = —(1 —e)ly(u)(t), uw(0) — Mu(5) =0

has only the trivial solution and, for arbitrary ¢o € L([0,5]; Ry) and ¢g € Ry,
the solution of the problem

u' (t) = —(1 —e)ly(u)(t) + qol(t), u(0) — Au(b) = ¢
is nonnegative. Therefore, by Definition 1.1, we obtain —(1 — )¢y € VT(X).
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On the other hand, the function

I=XA=08)t+A for t € [0,1]
1-0—-9)(1—-t)+1-06 fortell,2]
ut) = (1+9)(2—t)+9 for t € [2,3]
1-9)(t—-3)—1 for t € [3,4]
1+9)(t—-4)—9 for t € [4,5]

is a nontrivial solution of the problem
u'(t) = p(t)u(r(t)) + z(t)u(t), u(a) — Au(b) =0.
Consequently, according to Remark 1.1, there exist go € L([a, b]; R) and ¢ €
R such that the problem (0.1), (0.2) with F(v)(t) &f p(t)v(r(t)) + z(t)v(t) +

qo(t) for t € [a,b], h(v) = ¢p has no solution, while the conditions (2.2), (2.3)
and (2.7) are fulfilled with ¢ = |co|, ¢ = |qo]-

Example 3.4 shows that the assumption (2.4) in Theorem 2.1 cannot be
replaced by the assumption (2.7), no matter how small € > 0 would be.

On Remark 2.2. Examples 3.1, 3.2 and 3.4 also show that the assumptions
on the operators £p, 1 in Theorem 2.2 cannot be weakened.
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