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ON SINGULAR FUNCTIONAL DIFFERENTIAL
INEQUALITIES

I. KIGURADZE AND Z. SOKHADZE

ABSTRACT. Classical theorems on differential inequalities [1, 2, 3] are
generalized for initial value problems of the kind
dx(t) .
— ST@@®, Jim [|z(t) = col+ | /a(t) = 0
t—a
and da(t)
x(t .
— 2 T@®, lim [[2(0) — col-|| /(1) = 0,
t—a
where f: C([a,b]; R™) — Lioc(]a, b]; R™) is a singular Volterra opera-
tor, cg € R™, h : [a,b] — [0, 4o0[ is continuous and positive on ]a, b],
|| -] is a norm in R™, and [u]+ and [u]— are respectively the positive
and the negative part of the vector u € R™.

§ 1. STATEMENT OF THE BAsic RESULTS

1.1. Main Notation and Definitions. Throughout this paper use will
be made of the following notation:

R is the set of real numbers; Ry = [0, +o0[;

R™ is the space of n-dimensional column vectors x = (x;)?; with ele-
ments z; € R (i =1,...,n) and norm ||z|| = 31", |2];

Ri={z=(2;)}.; €R" :2; > 0(i=1,...,n)}; Rj={z€R" : [|z||< p};

if x = (x;)"_4, then

Iwil+xi)" (Ixil—xi)”
= A = =

sen(e) = (sgnz)iy [l = (K1) el ) _;
if x and y € R", then x <y <=y — 2z € RY;

x -y is the scalar product of vectors x and y € R™;

1991 Mathematics Subject Classification. 34K05.

Key words and phrases. Singular Volterra operator, functional differential equa-
tion, functional differential inequality, weighted initial value problem, upper and lower
solutions.

259
1072-947X/97/0500-0259$12.50/0 © 1997 Plenum Publishing Corporation



260 I. KIGURADZE AND Z. SOKHADZE

C(Ja, b]; R™) is the space of continuous vector functions x : [a,b] — R™
with the norm ||z||c = max{||z(¢)|| : a <t < b};

Cy([a,0]; R") = {z € C([a,b]; R") = ||zllc < p};
C([a,b]; Ry) = {z € C([a,b]; R) : x(t) > 0fora <t <b};
if x € C([a,b]; R™) and a < s <t < b, then
V(@)(s,t) = max {Ja(@)] : s < € < 1};

Lioc(]a, b]; R™) is the space of vector functions x :]a,b] — R™ summable
on every segment contained in |a, b] with the topology of mean convergence
on every segment from |a, b|;

Lioc(Ja,b]; Ry) = {z € Lioc(Ja,b]; R) : x(t) > 0 for almost all ¢ € [a,b]}.

Definition 1.1. Anoperator f : C([a,b]; R™) — Lisc(]a, b]; R™) is said to
be Volterra if for every to € ]a,b] and every x and y € C([a, b]; R"™) satisfying
z(t) = y(¢t) for a < t < tg, the equality f(z)(t) = f(y)(t) is fulfilled a.e. on
}a, to[.

Definition 1.2. We say that an operator f:C([a, b]; R™)—Lioc(]a, b]; R™)
satisfies the local Carathéodory conditions if it is continuous and there exists
a function v :]a, b] x Ry — R, nondecreasing in the second argument such
that (-, p) € Lioc(]a,b]; R) for p € Ry, and for any x € C([a,b]; R™) the
inequality ||f(x)(®)|| < (¢, ||z|c) is fulfilled a.e. on |a, b[.

If
b

/’y(t,p)dt < +4oco for pe€ Ry,

a

then the operator f is called regular. Otherwise f is called singular.

Definition 1.3. An operator f : C([a,b]; R") — Lioc(]a,b]; R™) is said
to be nondecreasing if for every x and y € C([a, b]; R™) satisfying z(t) < y(t)
for a <t < b, the inequality f(z)(t) < f(y)(t) is fulfilled a.e. on ]a, b].

In the present paper we consider the following weighted initial value
problems:

"0 _ ), (L1)
) —eol

e o =
=0 i, (1.3)



ON SINGULAR FUNCTIONAL DIFFERENTIAL INEQUALITIES 261

0 — el _

}%TM—O, (1.4)
T fem. (15)
0 — ol _

fim T =0, (16)

where everywhere below f : C([a,b]; R™) — Lioc(]a, b]; R™) is assumed to be
a Volterra, in general singular, operator satisfying the local Carathéodory
conditions, ¢g € R™, and h : [a,b] — [0, +o0[ is continuous, nondecreasing
and positive on 0, al.

We shall separately consider the case where h(a) > 0, so that the condi-
tions (1.2), (1.4) and (1.6) have respectively the form

x(a) = co, (1.21)
z(a) < ¢y, (1.49)
z(a) > cp. (1.61)

The question of estimating solutions of functional differential inequalities
(1.3) and (1.5) satisfying the initial conditions
z(a) < co, (1.45)
z(a) > ¢ (1.62)

will also be studied.
The vector differential equation and differential inequalities with delay:

da;lit) = fO (t7x(t),$(7'1(t)), ce ,.’E(Tm(t))), (17)
P < ot 20,2 1) 2mn0), (18)
T > ot 20, 20, .. 25 0) (1.9)

are important particular cases of the vector functional differential equation

(1.1) and of the vector functional differential inequalities (1.3) and (1.4).
In the sequel, when considering equation (1.7) or inequalities (1.8) and

(1.9), it will be assumed that the vector function fo :]a, b[ x R™+1n — R»

satisfies the local Caratéodory conditions, i.e., fo(t,-, ..., ) : R(mTDn
R™ is continuous for almost all ¢ €la,b], fo(-,x0,Z1,...,2,) :]a,b[ xR™ is
measurable for all 2, € R” (k= 0,1,...,m), and on the set ]a, b[ x R("+17

the following inequality is fulfilled:

m
1ol @0, 1, mm)| < (D lanll),
k=0
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where 7 :]a,b] x Ry — R4 does not decrease in the second argument, and
v(, p) € Lioe(la,bl; Ry) for p € Ry. As for 7; : [a,b] — [a,b] (1 =1,...,m),
they are measurable, and

() <t for a<t<b (i=1,...,m).

By f*(-,co,p) and f§ (-, co, p) are meant the functions given by the equal-
ities

f*(t,co,p) = sup { f(t,co +y)(t) - sen(y(t) : y € Cp([a,b]; R™)},
fo (&5 co, p) = sup { fo(t, co+ Yo, o+ Y15, co + Ym) - sgn(yo) :

yoeR;”,...,ymeRg}.

Definition 1.4. If by €]a,b], then

(i) for every = € C([a, bo]; R™) by f(x) is understood the vector function
given by the equality f(x)(t) = f(Z)(t) for a < t < by, where T(t) = x(t)
for a <t < by and T(t) = x(bg) for bg <t < b.

(ii) a continuous vector function z : [a,by] — R™ is said to be a solution
of equation (1.1) (of inequality (1.3) or (1.5)) on the segment [a,bo] if z
is absolutely continuous on every segment contained in |a, by] and satisfies
equation (1.1) (inequality (1.3) or (1.5)) a. e. on ]a, bol;

(iii) a vector function x : [a.bg[— R™ is said to be a solution of equation
(1.1) (of inequality (1.3) or (1.5)) on a half-open interval [a,bo[ if for ev-
ery by €la,by[ the restriction of z on [a,b;] is a solution of this equation
(inequality) on the segment [a, b;];

(iv) a solution x of equation (1.1) (of inequality (1.3) or (1.5)) satisfying
the initial condition (1.2) (the initial condition (1.4) or (1.6)) is said to be
a solution of problem (1.1), (1.2) (of problem (1.1), (1.4) or (1.5), (1.6)).

Definition 1.5. A solution z of equation (1.1) defined on a segment
[a,bo] C [a,b] (on a half-open interval [a, by[C [a, b]) is said to be continuable
if for some by €]bo,b] (b1 € [bo,b]) equation (1.1) has a solution y on the
segment [a, by] satisfying the condition z(t) = y(¢) for a < ¢ < bg. Otherwise
x is said to be noncontinuable.

Definition 1.6. A solution z* (solution z,) of problem (1.1), (1.2) de-
fined in the interval Iy C [a,b] is said to be upper (lower) if an arbitrary
solution z of this problem defined in some interval I C [a,b] satisfies

z(t) <x*(t) (z(t) > z.(t)) for telynl.
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1.2. Existence of a Non-Continuable Solution of Problem (1.1),
(1.2). In [4] the following propositions are proved.

Theorem 1.1. Let there exist a positive number p and summable func-
tions p and q : [a,b] — Ry such that

b (o [otone) <1, g (2 [ao) 0 (110

a a

and for every y € C,([a,b]; R"™) the inequality

fleo +hy)(t) -sgn(y(t)) < p(H)v(y)(a,t) +q(t) (1.11)

is fulfilled a.e. on [a,b]. Then problem (1.1), (1.2) has at least one non-
continuable solution and every continuable solution of this problem is a re-
striction of some noncontinuable solution.

Corollary 1.1. Let for some p > 0, on the set |a,b| XRf,mH)n the fol-
lowing inequality be fulfilled:

fo (t, Co + h(t)yo, Co —+ h(Tl (t))yl, ..., C0 + h(Tm(t))ym) . sgn(yo) S

<3 Ol + a0,
k=0
where py : [a,b] = Ry (K =0,...,m) and q : [a,b] — Ry are summable

functions satisfying conditions (1.10), where p(t) = Y pi(t). Then prob-
lem (1.7), (1.2) has at least one noncontinuable solution, and every con-
tinuable solution of this problem is a restriction of some moncontinuable
solution.

1.3. Theorems on the Existence of Upper and Lower Solution of
Problem (1.1), (1.2).

Theorem 1.2. Let f be a nondecreasing operator satisfying the condi-
tions of Theorem 1.1. Let, moreover, b* €]a,b] be such that the interval
of definition of an arbitrary noncontinuable solution of problem (1.1), (1.2)
contains the segment [a,b*]. Then problem (1.1), (1.2) has on the segment
[a, b*] the upper and the lower solution.

Corollary 1.2. Let f be a nondecreasing operator and for some p > 0
and b* €la,b] let the inequality

-
/f*(t;c(),p)dt <p (1.12)
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be fulfilled. Then the interval of definition of an arbitrary noncontinuable
solution of problem (1.1), (1.21) contains the segment [a,b*] and this problem
has on [a,b*] the upper and the lower solution.

Let n =1 and f(z)(t) = g(t,x(t)), where fp : [a,b] x R — R is a function
from the Carathéodory class. Then we can exclude from Corollary 1.2 the
requirement for f to be a non-decreasing operator (see [1], Ch. II, §1,
Theorem 1.2). However, if f is an arbitrary operator, then this requirement
is essential and it cannot be neglected. To verify the above-said, let us
consider

Example 1.1. J. Heidel [5]! proved the existence of a continuous func-
tion p : [a,b] —] — 00,0[ such that the equation has on the segment [a, b]
a non-trivial solution u”(t) = p(t)u'/3(t) which in any neighborhood of the
point b changes sign, and u(b) = v/(b) = 0. The function z(t) = u(b+a —1t)
is obviously a non-zero solution of the problem

t

dflfft) = /p(a +b— s)zl/g(s)ds, (1.13)
(a) = 0. (1.14)

On the other hand, if for p = 1 we choose a number b* such that
b
5 —a)/\p(a—f—b— $)lds < 1,

then the operator f(x)(t) = f;p(a + b — s)2'/3(s)ds will satisfy condition
(1.12). However, since p is negative, the operator f is not nondecreasing,.
Suppose that problem (1.13), (1.14) has on the interval [a,b*] the upper
solution z*. Since this problem has as well the zero solution, z*(t) > 0 for
a <t < b*, whence, owing to the fact that p is negative and because of
(1.14), we obtain % <0fora<t<b*and 2*(t) =0 for a <t < b*.
But this contradicts the inequality x*(t) > z(t) for a < t < b*, since the
solution = takes positive values in any right-hand neighborhood of the point
a. The above-obtained contradiction proves that problem (1.13), (1.14) has
no upper solution. The fact that this problem has no lower solution either
is proved analogously.

Corollary 1.3. Let f be a nondecreasing operator satisfying the condi-
tions of Theorem 1.1. Then problem (1.1), (1.2) has the noncontinuable
upper and the noncontinuable lower solution.

1See also [6], Theorem 17.7.
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Corollary 1.4. Let the vector function fo be nondecreasing in the last
(m+1)n variables and let the conditions of Corollary 1.1 be fulfilled. More-
over, let b* €]a,b] be such that the interval of definition of an arbitrary
noncontinuable solution of problem (1.7), (1.2) contains the segment [a, b*].
Then problem (1.7), (1.2) has on the segment [a, b*] the upper and the lower
solution.

Corollary 1.5. Let the vector function fy be nondecreasing in the last
(m + 1)n variables and let for some p > 0 and b* €la,b] the inequality

-
/fS(t;CO,p)dt <p
a

be fulfilled. Then problem (1.7), (1.21) has on the segment [a,b*] the upper
and the lower solution.

Corollary 1.6. Let the vector function fy be nondecreasing in the last
(m 4+ 1)n variables and let the conditions of Corollary 1.2 be fulfilled. Then
problem (1.7), (1.2) has the noncontinuable upper and the noncontinuable
lower solution.

1.4. Theorems on Functional Differential Inequalities.

Theorem 1.3. Let f be a nondecreasing operator satisfying the condi-
tions of Theorem 1.1. Moreover, let x* be the upper solution (x. be the
lower solution) of problem (1.1), (1.2) on the interval Iy C [a,b], and let z
be a solution of problem (1.3), (1.4) (of problem (1.5), (1.6)) in the interval
I Cla,b]. Then

z2(t) <a*(t) (2(t) > x.(t)) for telnl. (1.15)

Corollary 1.7. Let f be a nondecreasing operator satisfying f*(; co, p) €
L(la,b]; R) for some p > 0. Moreover, let x* be the upper solution (z. be
the lower solution) of problem (1.1), (1.21) on the interval I C [a,b], and
let z be a solution of problem (1.3), (1.41) (of problem (1.5), (1.61)) on the
interval I C [a,b]. Then estimate (1.15) is valid.

Corollary 1.8. Let the vector function fy be nondecreasing in the last
(m+1)n variables and let the conditions of Corollary 1.1 be fulfilled. More-
over, let x* be the upper solution (x,. be the lower solution) of problem (1.7),
(1.2) on the interval Iy C [a,b], and let z be a solution of problem (1.8), (1.4)
(of problem (1.9), (1.6)) on the interval I C [a,b]. Then the estimate (1.15)
is valid.
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Corollary 1.9. Let the vector function fo be nondecreasing in the last
(m + 1)n variables and let f§(-;co,p) € L([a,b]; R) for some p > 0. More-
over, let x* be the upper solution (x. be the lower solution) of problem
(1.7), (1.21), and let z be a solution of problem (1.8), (1.41) (of problem
(1.9), (1.61)) on the interval I C [a,b]. Then estimate (1.15) is valid.

Theorem 1.4. Let f be a nondecreasing operator satisfying the condi-
tions of Theorem 1.1. Moreover, let x, be the upper solution (z. be the lower
solution) of problem (1.1), (1.2) on the interval Iy, and let z be a solution
of problem (1.3), (1.42) (of problem (1.5), (1.62)) on the interval I. Then

z(t) < z(t) (2(t) > 2*(t)) for teInly. (1.16)

Corollary 1.10. Let the vector function fo be nondecreasing in the last
(m+1)n variables and let the conditions of Corollary 1.1 be fulfilled. More-
over, let x, be the upper solution (z* be the lower solution) of problem
(1.7), (1.2), and let z be a solution of problem (1.8), (1.42) (of problem
(1.9), (1.62)). Then the estimate (1.16) is valid.

§ 2. AUXILIARY PROPOSITIONS

2.1. Lemma on an a priori estimate. In [4] the following Lemma is
proved.

Lemma 2.1. Let p and q : [a,b] — Ry be summable functions satisfying
conditions (1.10) and let numbers by € a,b] and o €]0,1[ be such that

t
/p(s)ds < ah(t) for a<t<b.

Then any solution x : [a,bg] — R™ of the differential inequality

1
2(t) -sen(a(t) = o) < p(t)r(5 (@ —c0)) (@) +a))  (21)
satisfying the initial condition (1.2) admits the estimate
lz(t) — co|l < h(t)e(t) for a <t < by, (2.2)

where e(a) =0 and

S

1 1
e(t) = 1_asup{h(s)/q(§)d§: a<s<t} for a<t<by. (2.3)

a
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2.2. Lemma on the Boundedness of a Set of Solutions of Problem
(1.1), (1.2). Denote by I*(f;co, h) the set of those b* €]a,b] for which the
interval of definition of every noncontinuable solution of problem (1.1), (1.2)
contains the segment [a, b*].

Lemma 2.2. If the conditions of Theorem 1.1 are fulfilled, then
I*(f;co,h) # @. Moreover, for every b* € I*(f;co,h) the set X of re-
strictions of all noncontinuable solutions of problem (1.1), (1.2) on [a,b*] is
a compact set of the space C([a,b*]; R™). Moreover, there exists a bounded
function h* : [a,b*] — Ry such that

A0
t=a h(t)

=0 (2.4)

and an arbitrary solution x € X admitting the estimate
lz(t) — coll < R*(t) for a<t<Db". (2.5)

Proof. Let p, by, @ and & be the numbers and the function appearing in
Theorem 1.1 and Lemma 2.1. By (1.10) and (2.3), without loss of generality,
we may assume that

et) <p for a<t<by. (2.6)

Let  be an arbitrary noncontinuable solution of problem (1.1), (1.2)
which is defined on the interval Iy. Let us show that [a, by] C Iy and

lz(t) — coll < ph(t) for a <t <bg. (2.7)

Assume the contrary. Then by Corollary 3.1 from [4], there exists ¢y €
la, bo] N Iy such that

Jo(t) - coll < ph(t) for a<t<ty, [alto)— coll = phlto). (2.8)

Due to conditions (1.11) and (2.8), the vector function z is a solution of prob-
lem (2.1), (1.2) on the interval [a, tg]. By Lemma 2.1, it admits the estimate
|z (t) — co|| < e(®)h(t) for a < t < ty. From this, owing to (2.6), we find
that ||z(to) — col| < ph(to), which contradicts condition (2.8). The obtained
contradiction proves that by € I*(f; co, h), and an arbitrary noncontinuable
solution z of problem (1.1), (1.2) admits estimate (2.7). Conditions (1.10),
(2.7) and Lemma 2.1 result in estimate (2.2).

Let b* € I*(f, co, h), and let X be the set of restrictions of all noncontinu-
able solutions of problem (1.1), (1.2) on [a,b*]. If b* = by, then according
to the above arguments, X is the bounded set. Consider the case where
by < b*, and prove that X is bounded. For any ¢ € ]a, b*] assume

r(t) = sup{||z(t)]| : x € X}, r*(t) = sup{r(s):a < s <t}
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Because of (2.2), r*(by) < +00. Denote by t* the exact upper bound
of the set of ¢ € [a,b*] for which 7*(¢) < +oo. Obviously, t* € [bo, b*].
Show that r*(t*) < +o00. Assume the contrary. Then t* > by, and there
exist a sequence t €]bg,t*[ (k =1,2,...) and a sequence (z3)5>,; of non-
continuable solutions of problem (1.1), (1.2) such that

lim ¢, = t*, |xk (t)]| = +o0. (2.9)

lim |

k—oo k—+o0

By virtue of (1.10) and (2.2), for every 8 € [by, t*[ and natural k we have
lzk(t) — coll < hp(t) for a <t < 3, where

h(t) = {a(t)h(t) for a<t<by . hs(t) _

leoll +7*(8) for by <t<B  i—a h(t)

Applying now Lemma 2.1 from [4], it becomes clear that (x)5> , contains a
subsequence (z, )72, which converges uniformly on every segment contained
in [a,t*[, and

xo(t) = jEI-iI-loo wy, (t) for a<t<t” (2.10)

is a solution of problem (1.1), (1.2) on [a,t*[. According to one of the
conditions of the lemma, x¢ is a continuable solution, and thus

ro = sup {|lzo(t)] : a <t <t} < +oo. (2.11)

Let

v(t;8) = sup { | f(y)(1)]; v € Cs([a,b]; R™)}. (2.12)

Then v(+;6) € Lioe(Ja,b]; Ry) for 6 € Ry, and for every y € C([a,b]; R™)
the inequality

F)(t) -sen(y(t)) < y(t;v(y)(a,t)) (2.13)

is fulfilled a.e. on ]a, b][.
By (2.10), (2.11), and (2.13), there exist ¢, € |bg, t*[ and a natural number
ko such that

o
/7(t7r0+2)dt<1, leg(ll <ro+1 for a <t <t,(k=ko,ko+1,...),

x%(t) ssgn(zp(t)) < vyt v(ag)(a,t)) for a<t<t* (k=ko,ko+1,...).

This, owing to Lemma 3.1 from [4], implies that

lee (|l <ro+2 for a<t<t" (k=koko+1,...).
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But this contradicts condition (2.9). The obtained contradiction proves that
r*(t*) < +o0.

If now we again apply Lemma 3.1 from [4], then from the condition
r*(t*) < 400 and the definition of t* we conclude that t* = b*. Thus the
boundedness of X is proved. Moreover, we have proved that an arbitrary
solution z € X admits estimate (2.5), where h*(t) = e(t)h(t) for a <t < by,
h*(t) = r*(b*) for by < t < b*, the function h* being bounded and satisfying
condition (2.4). This, due to Lemma 2.1 from [4], implies that X is a
compactum from C([a,b*]; R™). O

2.3. Lemmas on Differential Inequalities.

Lemma 2.3. Let f be a nondecreasing operator satisfying the conditions
of Theorem 1.1, and b* € I*(f;co,h). Then for an arbitrary solution z
of problem (1.3), (1.4) (of problem (1.5), (1.6)) defined on some segment

[a,b] C [a,b*] there exists a solution T (a solution x) of problem (1.1), (1.2)
such that

2(t) <7(t) (2(t) > z(t)) for a<t<b. (2.14)

Proof. Let p be the number appearing in Theorem 1.1 and let z : [a,b] — R™
be a solution of problem (1.3), (1.4).

By (1.4), there exists an absolutely continuous vector function zq : [a, b] —
R"™ such that

2(t) < zo(t) for a<t<b (2.15)
and

IIZo<Z>(5;Co|; a<s<th—0 for t—a  (216)

On the other hand, according to (1.10), we can choose the numbers by € ]a, b|
and « €]0, 1] such that

€o(t) = sup {

t

/P(s)ds <ah(t), et)=t—a+ 1

a

an(t) +

S

s [0 a<s <t <pora<t<h (217)

a

It is also clear that

lime(t) = 0. (2.18)

t—a
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For any natural k suppose

b—a zy(t) for a<t <t
th=a+—2 t) = 2.19
ket 5 @O {f(x)(t) for tp <t<b (2.19)
and consider the differential equation
dx(t
"W o). (220)

By virtue of Theorem 1.1, for every natural k problem (2.20), (1.21) has
a noncontinuable solution x; defined on some interval Ip.
By (2.16) and (2.19), it is clear that I} D [a, k],

2 (t) = 20(t) for a <t <t (2.21)
and on |a, t;] the following inequality is fulfilled:
[z (t) — coll < e(t)h(t). (2.22)

Let us show that I D [a,bo] and inequality (2.22) is fulfilled on the whole

la,bo]. Assume the contrary. Then by Corollary 3.1 from [4], there exists
by € Ikﬂ]tk, bo[ such that

lzk(t) — coll < e(®)h(t) for a <t < by, (2.23)

llzk(br) — coll = e(bg)h(by). (2.24)

Owing to (1.11), (2.17), (2.19) and (2.23), the inequality
2k (t) = coll” = f(ar)(t) - sgn(zx(t) — co) <
< (e (3 (o1~ ) (a.1) + (1)

is fulfilled a.e. on ]k, bg[. On the other hand, ||z (tx)—co|| = ||2z0(tx)—col| <
Eo(tk)h(tk) < Eo(t)h(t) for t, <t < b, and

(5 (on— ) 0,8) < v (5 (o — o) ), ti) (5 (o — o) ) 1) <
< (50 o)) (@ t4) + v (i (o — o)) (15, 1) <
< eo(t) + V(%(a:k - co))(tk,t) for ty << b
Therefore

t t

Jon(t) = coll < ow(t) = coll + [ pls)o (5 (o = o)) (a.s)ds + [ alepds <

tr tr
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t t

< =o(t) [h(t) -/ p(s)ds] (G —eo)et) [s)is+ [ ato)is,
e (t) — col ' )

o) < (1+ a)e(t) + al/<l(lﬂk - Co)) (tr,t) +

h

¢
1

— fi <
+h(t)/q(s)ds or a<t<by

which by (2.17), implies

V(%(xk ) (t,1) < (1 - a)[e(t) — t +a] +

+au(%(mk - co)> (tg,t) for a <t <byg.

Therefore v(3 (zx — o)) (tr, br) < e(by) — tx + a < £(bg), which contradicts
equality (2.24). Thus we have shown that I;, D [a, b] and inequality (2.22)
is fulfilled on ]a, bo].

By (2.15) and (2.21), if t €|ty bo] and £ — t;, is sufficiently small, then on

la, t] we have
z(t) < z(t). (2.25)

Denote by t* the exact upper bound of the set of ¢ €]tz bg] for which

inequality (2.25) is fulfilled on the interval [a,t]. Then because of inequality
(1.3) and the fact that the operator f is nondecreasing, we have

() = 20(te) + / Fa)(s)ds > zo(ti) + / £(2)(s)ds >

> 20(tx) + /Z/(s)ds = zo(tr) — z(tx) + 2(t") > 2(t7).

This, by the definition of ¢*, implies that t* = by, and hence inequality
(2.25) is fulfilled on ]a, bg].

By Lemma 2.1 from [4], conditions (2.18), (2.19), and (2.22) ensure
the existence of a subsequence ()32, of the sequence ()72, such that
(zk,)32, converges uniformly on [a, bo], and zo(t) = lim; oo z, (t) is a so-
lution of problem (1.1), (1.2) in [a, by]. On the other hand, from (2.25) it is
clear that

z(t) < ao(t) for a <t <by. (2.26)
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For any = € C([bo, b]; R") assume

_Jwo(t) + [x(bo) — 2(bo)] - for a <t <bg
X(@)(t) = {z(t) 4 () —2(D],  for by<t<Db (227)
F(@)(8) = Fx(@)(t) for by <t <D. (2.28)

Obviously, f : C([bo,b]; R") — L([bo, b]; R™) is a Volterra operator satisfying

the local Carathéodory conditions. Moreover, for any = € C([bo,b]; R")

the inequality | f(z)(®)|| < (¢, [|z]|c) is fulfilled a.e. on [by,b], where 7 :
[bo,b] X Ry — R4 does not decrease in the second argument, and ¥(+; s) €

L([bo, b]; R) for s > 0.
By Theorem 1.1, the problem

) _ Faye), (2.29)

z(bo) = zo(bo) (2.30)

has a noncontinuable solution Z defined on some interval I C [by, b] whose
left end is equal to bg.

Because of conditions (1.3), (2.26)—(2.28) and the fact that the operator
f is nondecreasing, we have

- B xo(t) for a<t<by
X(@)(t) = {Z(t) B0 — 2], for teT , (2.31)
X(@)(t) > z(t) for te[a,b]UT

and 7 (t) = f(x(@))(t) > f(z)(t) > 2/(t) for almost all ¢ € I. Taking into
account (2.26), we arrive at

T(t) > wo(bo) + 2(t) — 2(b) > 2(t) for tel. (2.32)

Assume T = [a,bo] UT and Z(t) = o(t) for t € [a,bo], T(t) = Z(t) for
tel.

By virtue of (2.31) and (2.32), Z(t) = x(Z)(¢) for t € I. This implies
that T is a solution of problem (1.1), (1.2) on the interval I. If now we take
into consideration that Z is a noncontinuable solution of problem (2.29),
(2.30) and the interval of definition of an arbitrary noncontinuable solution
of problem (1.1), (1.2) contains the segment [a, b], then it becomes clear that
I = [by,b] and T = [a,b]. Consequently, Z is a solution of problem (1.1),
(1.2) on the interval [a,b] and, as follows from (2.26), (2.31), it satisfies
the inequality z(t) < Z(t) for a < t < b. Analogously, we can prove that
if z : [a,b] — R™ is a solution of problem (1.5), (1.6), then there exists a
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solution z of problem (1.1), (1.2) satisfying the inequality z(t) > x(t) for
a<t<b 0O

Lemma 2.4. Let f be a nondecreasing operator, by € |a,b| and let x be
a solution of equation (1.1) on the interval [a,bg]. Let, moreover,

po =max {||z(t)|| : a <t <bo}, (2.33)
and by € ]bg, b] be such that

by
/ Y (t, po + 2)dt < 1, (2.34)
bo
where vy is a function given by equality (2.12). Then equation (1.1) has on the
interval [a,b1] a solution T (a solution x) such that T(t) = x(t) (x(t) = z(t))

a (t

for a <t <by, and for any b € by, b1] an arbitrary solution z : [a,b] — R"
of differential inequality (1.3) (of differential inequality (1.5)) satisfying on
z2(t) < z(t) (2(t) > x(t)) for a <t < by admits the estimate z(t) < Z(t)

(z(t) > z(t)) fora <t <b.

Proof. We will prove only the existence of the solution Z, since the existence
of the solution x can be proved analogously.
For any y € C([bo, b]; R"™) we assume

_Ja(t) +y(bo) — x(bo) for a <t <bh
x(w)(t) = {y(t) O 0 for by <t < Z ’ (2.35)
Hiy)(@) = F(x(y))(®). (2.36)

Let ¢, € R™ (k = 1,2,...) be an arbitrary sequence satisfying the in-
equalities

% (k=1,2,...), (2.37)
o > a(b) (k=1,2,...). (2.38)

[[2(bo) — ekl <

For every natural k consider the initial value problem

W o, (2:39)
y(bo) = cx. (2.40)

Because of (2.12) and (2.33)—(2.35),

fi(ten, 1) = sup {[|fi (e + )(1) - sgn(y(®))l] = y € Ci(lbo, 0 R™)} <
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b1
<7(t,po+2) and /fl*(t; e, 1)dt < 1.
bo
This, according to Corollary 2.1 from [4], implies that problem (2.39), (2.40)
has on the interval [bg, ] a solution yy such that ||y (¢)| < |lck || + [|yx(t) —
ekl < po+2, [y () < v(t: po +2) for by <t < by.
Hence, the sequence (yx)%2; is uniformly bounded and equicontinuous.
By Arzela—Ascoli’s lemma, it can be assumed to be uniformly convergent.
Let

y(t) = klim yp(t) for by <t <by (2.41)
and
Z(t) = x(t) for a <t <by, T(t)=7(t) for bg <t <b;. (2.42)

Since the operator fi is continuous, by condition (2.37) 7 is a solution
of equation (1.1) under the initial condition F(by) = x(bg). Taking this fact
into account, it follows from (2.35), (2.36) that x(7)(¢t) = Z(t), f1(y)(t) =
f(T)(t), and hence T is a solution of equation (1.1) on the interval [a, b1].

Let b €]bg, by] and let z : [a, b] — R" be a solution of differential inequality
(1.3) satisfying the condition

z(t) < z(t) for a<t<by. (2.43)
Our aim is to prove that

2(t) <@(t) for a<t<b. (2.44)
Due to (2.38) and (2.43), for every natural k the inequality

2(t) <wr(t) (2.45)

is fulfilled in a right-hand neighborhood of the point by. Let us show that

this inequality is fulfilled on the whole [bg,b]. Assume the contrary. Then
there exists b € by, b] such that on [bg, b inequality (2.45) is fulfilled but for
t = b it does not hold. By (1.3), (2.35), (2.36) and the fact that the operator
f is nondecreasing, x(yx)(t) > z(t) for a < ¢ < b and the inequality y; (¢) >
f(z)(t) = 2/(¢) is fulfilled a.e. on ]a,bi[. Therefore yi(b) — z(b) > yx(by) —
z(bg) > ¢ — x(bo) > 0, which contradicts our assumption that inequality
(2.45) does not hold for t = b. Thus we have proved that inequality (2.45)
is fulfilled on the whole [a, b].

By (2.41) and (2.42), from (2.43) and (2.45) we obtain estimate (2.44). O
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§ 3. PROOF OF THE MAIN RESULTS

Proof of Theorem 1.2. We will prove only the existence of the upper solution,
since that of the lower solution is proved analogously.

Let X be the set of restrictions of all noncontinuable solutions of problem
(1.1), (1.2) on the segment [a,b*]. By Lemma 2.2, X is a compactum in
C(la,b*]); R™). Moreover, there exists a bounded function h* : [a,b*] — R4
satisfying condition (2.4) such that every solution z € X admits estimate
(2.5). On the other hand, there exists v* € Ljoc(]a, b*]; R4) such that

t
l2(t) — 2(s)]| < /7*(§)d§ for z€X, a<s<t<b. (3.1)

Assume 7} (t) = sup{z;(t) : = = (v;)}_; € X} and 2*(¢) = (27 ())i2;-
Then from (2.5) and (3.1) we find

lz*(t) — col| < mh*(t) for a <t <b*, (3.2)
¢

lx* (&) — z*(s)]| gn/fy*(f)df for a<s<t<b"

S

*

Consequently, z* is continuous on [a,b*] and absolutely continuous on
every segment contained in |a, b*].

If we take into account that the operator f is nondecreasing, then from
the equality

x(t)zm(s)—&-/f(m)({“)df for veX, a<s<t<b*

we have
¢
z*(t) < x*(s) +/f(a:*)(£)d§ for a<s<t<b",
that is,
¢
tis(x*(t) —1z"(s)) < %/f(w*)(f)d{ for a<s<t<b".

From the above it is clear that the inequality % < f(x*)(¢) is fulfilled
a.e. on |a,b*[. On the other hand, by (2.4) and (3.2),
et (@) = ol _

lim —————— = 0.
= ho(t)
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Hence z(t) = 2*(t) is a solution of problem (1.3), (1.4) in [a, b*]. Therefore,
as follows from Lemma 2.3, problem (1.1), (1.2) has on the interval [a, b*] a
solution T such that 2*(t) < Z(¢) for a <t < b*. However, by the definition
of a*, T(t) < x*(t) for a <t < b*. Clearly, *(t) = Z(t), and «* is the upper
solution of problem (1.1), (1.2). O

Proof of Corollary 1.2. By Theorem 1.2, it suffices to establish that the in-
terval of definition of every noncontinuable solution of problem (1.1), (1.21)
contains the segment [a, b*].

Let x be an arbitrary noncontinuable solution of problem (1.1), (1.24)
defined on the interval I. Suppose y(t) = z(t) — ¢o. Then the inequality
y' () sgn(y(t)) < f*(t; co,v(y)(a,t)) is fulfilled a.e. on I, and v(y)(a,a) = 0.
This, by Lemma 3.1 from [4] and inequality (1.12), implies that ||y(¢)] < p
for t € [a,b*] N I. From this estimate, by virtue of Corollary 3.1 from [4],
we have I D [a,b*]. O

Proof of Corollary 1.3. By Lemma 1.2 and Theorem 1.2, the set I*(f;co, h)
is non-empty and for arbitrary fixed by € I*(f;co,h) problem (1.1), (1.2)
has in the interval [a, by] the upper solution zf. Assume py = max{||z(t)| :
a<t<blh

Let v be the function given by equality (2.12) and let (t;)7>, be a se-
quence satisfying by < ty < tp41 < b (k=1,2,...), limg_ 00 tx, = b.

If fbtol ~(t, po+2)dt < 1, then we assume by = ¢;. If, however, f;ol v(t, po+

2)dt > 1, then we choose by €]bg,t1[ such that fblll ~v(t, po + 2)dt = 1. By
virtue of Lemma 2.4, equation (1.1) has in the interval [a,b;] a solution
x% such that zi(t) = z4(t) for a < t < by and for any b €]by,b;] an
arbitrary solution x : [a,b] — R™ of equation (1.1) satisfying the condition
x(t) < xf(t) admits for a <t < by the estimate x(t) < x3(t) for a <t <b.

Since x is the upper solution of problem (1.1), (1.2) on the interval [a, bo],
it is clear that x7 is the upper solution of this problem on the interval [a, b1 ].

Proceeding from the above-said, we prove by induction the existence of
an increasing sequence by, €]bg,b[ (k =1,2,...) and of a sequence of vector
functions x} : [a,bx] — R™ (k=1,2,...) such that for every natural k:

(i) =} is the upper solution of problem (1.1), (1.2) on the interval [a, bi];

(ii) either by=t; or fbb:_ﬂ(t’ pr—1+2)dt=1, where py_1=max{||z;_,(t)| :
a<t<bpi}.

Assume b* = limy_. o b, ©*(t) = z§(t) for a <t < by, x*(t) = z}(¢) for
b—1 <t <b, (k=1,2,...). Clearly, * is the upper solution of problem
(1.1), (1.2) on [a,b*[. If b* < b, then owing to (ii), * is a noncontinuable
solution.!  The solution z* is noncontinuable as well when b* = b and
sup{|lz*(t)|]| : a« < t < b} = 4oo. If, however, sup{||lz*(t)|| : a < t <

1See the proof of Theorem 3.2 in [4].
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b} < 400, then z* has at the point b the left-hand limit z*(b—). Assume
T(t) = a*(t) for a < t < b, T(b) = 2x*(b—) for t = b. Then T is the
noncontinuable upper solution of problem (1.1), (1.2). O

‘When
f@)(@) = fo (t, x(t), z(11(t)),. .., a:(Tm(t))), (3.3)

from Theorem 1.1 and Corollary 1.3 follow respectively Corollaries 1.4 and
1.6, while from Corollary 1.2 follows Corollary 1.5.

Proof of Theorem 1.3. Let z be a solution of problem (1.3), (1.4) on the
interval I. Prove that in Iy N I the inequality

(1) < 2*(¢) (3.4)

is fulfilled. Assume the contrary. Then there exists b € (Ip N I)N]a, b] such
that for ¢ = b inequality (3.4) does not hold.

By Lemmas 2.2, 2.3 and Theorem 1.2, the set I*(f;co,h) is non-empty
and for any to €]a, b[NI*(f;co, h) inequality (3.4) is fulfilled on [a,tg]. De-
note by by the exact upper bound of the set of ¢y € ]a, b[ for which inequality
(3.4) is fulfilled on the segment [a,to]. Then according to our assumption,
by < b.

By Lemma 2.4, there exist b; € ]bg,b] and a solution Z : [a,b;] — R" of
equation (1.1) such that Z(t) = z*(¢) for a < t < by and 2(t) < Z(¢) for
a <t < by. Obviously, T is a solution of problem (1.1), (1.2). Therefore,
T(t) < x*(t) for a <t < b;. Consequently, inequality (3.4) is also fulfilled
on the segment [a, by], which contradicts the definition of by. The obtained
contradiction proves that inequality (3.4) is fulfilled on Iy N I.

It can be proved analogously that if z is a solution of problem (1.5), (1.6)
on the interval I, then inequality z(¢) > x.(t) is fulfilled on Io N 1. O

by
)

When h(t) = 1, from the above proved theorem we obtain Corollary 1.7,
while when identity (3.3) is fulfilled, from Theorem 1.3 and Corollary 1.7
follow Corollaries 1.8 and 1.9.

Proof of Theorem 1.4. Let z be a solution of problem (1.3), (1.42) on the
interval I. Then in a right-hand neighborhood of the point a the inequality

2(t) < z.(t) (3.5)

is fulfilled.

Let us show that it is fulfilled on the whole interval I N Iy. Assume the
contrary. Then there exists by € I N IpN]a,b] such that inequality (3.5)
is fulfilled on ]a, bg[, but for ¢ = by it does not hold. On the other hand,
since the operator f is nondecreasing, we have (x.(t) — z(t)) > f(z.)(t) —
f(2)(t) > 0 a.e. on Ja,by[. Therefore x,(by) — z(by) > x«(a) — z(a) > 0,
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which contradicts our assumption that (3.5) does not hold for ¢ = bg. Thus
we have established that (3.5) is fulfilled on the whole I N Iy. It can be
proved analogously that an arbitrary solution z : I — R™ of problem (1.5),
(1.62) admits the estimate z(t) > a*(¢t) fort € INly. O

If identity (3.3) is fulfilled, then from Theorem 1.9 we obtain Corollary
1.10.
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