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SEMI-NONOSCILLATION INTERVALS
AND SIGN-CONSTANCY OF GREEN’S FUNCTIONS
OF TWO-POINT IMPULSIVE BOUNDARY-VALUE PROBLEMS *

THTEPBAJIM MAMKE BIJICYTHOCTI KOJIUBAHb
TA 3BEPEJKEHHS 3HAKA ®YHKIII I'PTHA
JIBOTOUKOBUX IMITYJIbCHUX KPAMOBUX 3A AU

We consider the second order impulsive differential equation with delays
p P
(La)(t) = a"(t) + Y a; ()2’ (t = 75(8) + Y bi(B)a(t — 0;(1)) = f(t), ¢ €[00,

x(tk):’ykx(tkio)v $/(tk):(5k$/(tk70)7 k= 1,27...,1",

where v, > 0, 0 > 0 for k = 1,2,...,r. In this paper, we obtain the conditions of semi-nonoscillation for the
corresponding homogeneous equation on the interval [0, w]. Using these results, we formulate theorems on sign-constancy
of Green’s functions for two-point impulsive boundary-value problems in terms of differential inequalities.

Posrnsimaersest iMImynibecHe TUQepeHiialbHe piBHAHHSA APYTOoro MOPSIIKY 13 3aIli3HEHHIM
P P
(La)(t) = a"(t) + Y a; ()2’ (t = 75(8) + Y bi(B)a(t — 0;(1)) = £(t), ¢ €[00,
=1 j=1

m(tk):’ykx(tka), x’(tk):&gx’(tka), k= 1,2,...,7‘,

me v >0, 0, >0 mama k= 1,2,...,r. 3HaiificHO YMOBH MaiXe BiICYTHOCTI KOJMBAaHb VIS BiAMOBIAHOTO OXHOPIIHOTO
piBHsHHS Ha iHTepBaini [0, w]. 3a JOMOMOTO0 [UX PE3yIbTaTiB CHOPMYITBOBAHO TEOPEMH TIPO 30ePEKEHHS 3HAKa (DYHKIIiH
['pina 1BOTOYKOBUX IMITYJIECHHX KpalOBHX 3a[a4 y TepMiHaX OUQepeHIiaTbHUX HEPIBHOCTEH.

1. Introduction. Impulsive differential equations have attracted an attention of a number of re-
cognized mathematicians and have applications in many spheres of science from physics, biology,
medicine to economical studies. The following well-known books can be noted in this context
[20, 23 -25]. In the books [4, 5], the concept of the general theory of functional differential equations
was presented. On the basis of this concept nonoscillation for the first order functional differential
equations was considered in [7], where positivity of the Cauchy and Green’s functions of the periodic
problem was firstly studied. A concept of nonoscillation for the first order differential equations
is also considered in the book [1]. Sign properties of the first order impulsive initial, one-point
and periodic boundary-value problems were studied in [13], and for nonlocal problems in [11, 12].
The positivity of solutions and sign-constancy of Green’s function of one- and two-point impulsive
boundary-value problems for second order functional differential impulsive equations was studied in
[2,8,9, 14-17, 21, 22].
Let us consider the impulsive equation
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p p

(La)(t) = 2"(t) + ) aj(t)a’(t = 75(1) + Y bj()a(t = 6;(1)) = f(t), te[0.w], (LD

J=1 Jj=1

o(ty) = o(ty — 0), 2/ (ty) = 02’ (tx — 0), k=1,2,...,7,

(1.2)
O=t<ti<ta<...<t, <tr+1:w,

z(() =0, 2'(¢()=0, (<0, (1.3)
where f, aj, bj: [0,w] — R are summable functions and 7;, 6;: [0,w] — [0, 4+00) are measurable
functions for j = 1,2,...,p, p and r are natural numbers, 7 and J; are real positive numbers.

Let D(t1,to,...,t,) be a space of functions z: [0,w] — R such that their derivative z’(t)
is absolutely continuous on every interval ¢ € [t;,ti+1), ¢ = 0,1,...,r, 2" € Ly, we assume
also that there exist the finite limits x(¢; — 0) = lim, ,,— x(¢) and 2'(t; — 0) = lim, ,,— 2'(¢) and
condition (1.2) is satisfied at points ¢;, ¢ = 0,1,...,7. As a solution x we understand a function
x € D(ty,ta,...,t,) satisfying (1.1)—(1.3).

It should be noted that the space of solutions of the homogeneous equation

P P
(La)(t) = 2"(t) + ) aj(t)a'(t = 7(1) + Y bi(t)a(t — 0;() =0, ¢ € [0,u], (1.4)
j=1 J=1
Ilf(tk) :ka(t/ﬂ_o)’ xl(tk) :5k$,(tk _0)7 k= 1327"'>T7
(1.5)
O=to<ti <ta<...<tlp <tlpy1 =w,
z(()=0, 2'(()=0, (<0, (1.6)

is two-dimensional. The fundamental system of solutions of impulsive differential equation (1.4)—
(1.6) consists of two linearly independent solutions x; and x. Like in the case of ordinary differential
equations its Wronskian

could be one of the classical objects in this theory. Various tests, where the Wronskian does not
vanish for the nonimpulsive equation were obtained in [3, 6, 19].

2. Preliminaries. Wronskian is one of the classical objects in the theory of differential equations.
Properties of Wronskian lead to important conclusions on behavior of solutions of delay equations
[6]. The following theorem claims that nonvanishing Wronskian ensures validity of Sturm separation
theorem (between two adjacent zeros of any solution there is one and only one zero of every other
nontrivial linearly independent solution) for delay impulsive equation [10]

:E”(t) + bll'(t - 01) =0, (2.1)
with the conditions (1.2), (1.3).
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Theorem 2.1. Let p =1, by(t) > 0, t — 01(t) be nondecreasing, v; > 0 and 6; > 0 for every
i = 1,7. If the Wronskian W (t) of the fundamental system of (1.4)—(1.6) does not have zeros, then
Sturm’s separation theorem is valid.

In contrast to this assertion, in this paper, the case a;(t) > 0, b;(t) <0, j=1,...,p, t € [0,w],
is considered and the number of terms can be p > 1. We focus on the connection between nonva-
nishing Wronskian, the property of semi-nonoscillation and the sign-constancy of Green’s functions
for impulsive boundary-value problems.

Below the following definition will be used.

Definition 2.1. We call [0,w] a semi-nonoscillation interval of (1.4)—(1.6), if every nontrivial
solution having zero of derivative does not have zero on this interval.

For equation (1.1)—(1.3) we consider the following variants of boundary conditions:

z(0) =0, z(w)=0, (2.2)
2'(0) =0, z(w)=0, (2.3)
2(0) =0, 2'(w)=0, (2.4)
2/(0) =0, 2'(w)=0. (2.5)

General solution of the equation (1.1)—(1.3) can be represented in the form [7]
t
z(t) = v1(t)z(0) + C(t,0)z +/C (2.6)
0

where v (t) is a solution of the homogeneous equation (1.4)—(1.6) with the initial conditions x(0) =
=1, 2/(0) = 0; C(t,s), called the Cauchy function of the equation (1.4)—(1.6), is the solution of
the equation

(Loz)(t) = 2" (t) + Zaj (t—75(1) + > bi(Ba(t —0;(t) =0, t € [s,w],
j=1

x(ty) = wa(ty —0), 2'(ty) = 0p2'(ty = 0), k=m,....m,

0:t0<t1<t2<...<tr<tr+1=w.

Here, m is a number such that ¢,,_1 < s < t;,,,

I‘(C) =0, xl(g) =0, (¢(<s,

satisfying the initial conditions C'(s,s) =0, C{(s,s) =1 and C(t,s) =0 for ¢t < s.
If the boundary-value problem (1.1)—(1.3), (2.1)—(2.4) is uniquely solvable, then its solution can
be represented as
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L,

N

9

(t) :/Gi(t, s)f(s)ds, i=
0

where G;(t, s) is Green’s function of the problem (1.1)—(1.3), (2.1)—(2.4), respectively [8].
Using general representation of the solution (2.6), the following formulas for Green’s functions
can be obtained:

Gi(t,s) = C(t,s) — C(t,0) gEZ 33 , @.7)
Golt, s) = - ()
2\0, 8) - O(tv S) C(wa S) v (w) ’ (28)
Galt.s) = Cl(t.9) = (L0 G2 9
Cult,s) = C(t, s) — Cl(w, 5) V”il ((i)). (2.10)
Denote G¢(t, s) the Green’s function of the problem (1.1)-(1.3) with boundary conditions
©(6)=0, (€)=0. @.11)

In the paper [8], the following theorem has been proven for the problems (1.1)-(1.3), (2.1)-
(2.4).

Lemma 2.1. Assume that the following conditions are fulfilled:

(D) bi(t) <0,j=1,...,p, t € [0,w];

(2) the Cauchy function C1(t,s) of the first order impulsive equation

Y (1) + a0yt — () =0, te0w],
j=1

(2.12)
y(ty) = Syt —0), k=1,2,...,rm

y(¢)=0, ¢<0,
is positive for 0 < s <t < w;
(3) Green's function G4(t,s) of the problem (1.1)—(1.3), (2.11) is nonnegative for t,s € [0,¢]
Jor every 0 < £ < w;

(4) [0,w] is a semi-nonoscilation interval of (Lx)(t) = 0.
Then Green's functions G;(t,s), i = 1,3, are nonpositive for t,s € [0,w] and under the additional

condition Z;):l bj(t)X[ow) (t — 0;(1)) #0, t € [0,w], where

1, t € [0,w],
X[ow] (t) = (2.13)
0, t¢&[0,w],

Gy(t,s) <0 fort,s € [0,w].
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3. Conditions of semi-nonoscillation. Let us formulate a theorem on semi-nonoscillation of the
interval [0, w].

Theorem 3.1. Assume that the following conditions are fulfilled:

(1) a;(t) >0, b;(t) <0,5=1,...,p, t € [0,w];

(2) the Wronskian W (t) of the fundamental system of solutions of homogeneous equation (1.4)—
(1.6) satisfies the inequality W (t) # 0, t € [0, w];

(3) the Cauchy function C1(t, s) of the first order equation (2.12) is positive for 0 < s < t < w.
Then the interval [0,w] is a semi-nonoscillation interval of (1.4)—(1.6).

Remark3.1. It looks that conditions 2 and 3 are hard for verification. In Section 4, we explain
how these conditions could be verified in almost all cases which come from various applications.
The first conditions on positivity of the Cauchy function of the equation (2.12) are obtained in [7].

Proof. First of all, let us prove that if the conditions 1 and 3 of Theorem 3.1 are fulfilled, then
there exists a positive solution x(¢) of the equation (1.4)—-(1.6), satisfying the conditions z(0) =
=a >0, 2/(0) > 0.

It is clear that in this case, x(t) satisfies the equation

P
2'(t) + ) a;(t)a(t - 7i(t) = 6(t), te 0w, (3.1)
j=1
where ¢(t) prl bi(t)x(t —6;(t)) for t € [0,w].
Let us denote y( ) = (t) Then we can write an equation for y(¢) in the form

+Z% y(t — () = o(t), te(0,w],

(3.2)
y(te) = Syt — 0), k=1,2,...,7,

Since y(t) satisfies a condition y(0) > 0, it is clear that there exists an interval [0, 1) such that
y(t) > 0 for ¢t € [0, ), and, consequently, z(¢) > 0 and z(¢) increases at all the points ¢ # ¢, for
t € [0, p).

In this case, Z z(t — 0;(t)) < 0, so it means that ¢(¢t) > 0 for t € [0,p). Then,

according to representatlon of solutions [7],

y(t) = y(0) C1 (£, 0) + / Ca(t, )6 (s)ds,
0

where C|(t, s) is the Cauchy function of (3.2), and we obtain y(t) > 0 for ¢ € [0,w]. It is clear that
2'(t) > 0 and z(t) > 0 for t € (0, w].

Now we start to prove that [0, w] is a semi-nonoscillation interval of (1.4)—(1.6). Let us assume
the contrary that [0, w] is not a semi-nonoscillation interval. It means that one of the conditions is
fulfilled:

z1(m) =0, 1(§) =0, n<g,

551(77)207 ‘Tll(f)zov n<§.
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(1)

sensoesssasence | S

(@) ®)

Fig. 1. Cases z7 < 0 (a) and 27 = 0 (b).

We will prove that both of them are impossible.

1. Let us suppose that there exists a nontrivial solution z1(¢) of the problem (1.4)—(1.6) such
that z1(§) = 0, and x;(¢) has zero of the derivative in the interval (0,¢). Without loss of generality
we can assume that x1(0) < 0, 2{(n) =0, 2(t) <0 for ¢t € [0,n) and 2/ (¢) > 0 for ¢t € (1, w].

There are 2 possible situations for x;(¢) that can be considered (see Fig. 1):

(@) 2}(0) < 0 (see Fig. 1(a)).

It is easy to show that in such situation the solution z1(¢) will be negative and decreasing at all
the points ¢ # 1, so it is impossible to achieve the boundary condition z1(§) = 0.

Indeed, let us denote y(t) = 2 (). Then we can write an equation for y(¢) in the form (3.2).

Since y(t) satisfies the condition y(0) < 0, it is clear that there exists an interval [0, ;) such that
y(t) < 0 for ¢t € [0, ), and, consequently, x1(¢) < 0 and z1(t) decreases at all the points ¢ # ¢, for
t €0, u).

In this case, Zé_l bj(t)x1(t — 0;(t)) > 0, so it means that ¢(t) < 0 for ¢t € [0, ). Then,
according to represen]tation of solutions [7],

t

y(t) = y(0) C1(t,0) + / Ca(t, 5)6(s)ds,

0

where C(t, s) is the Cauchy function of (3.2), and we obtain y(¢) < 0 for t € [0,w]. Now it is clear
that 2 (t) < 0 and x;(t) < 0 for ¢t € (0,w].

We got a contradiction with the assumption that x1(£) = 0.

(b) 2}(0) = 0 (see Fig. 1(b)).

It is easy to show that in such situation the solution x;(¢) will be negative and decreasing at all
the points ¢ # ¢, so it will not be able to satisfy the boundary conditions z1(§) = 0.

Since 21(0) < 0, it is clear that there exists an interval [0, ) such that z;(t) < 0 for ¢ € [0, u).

Let us denote y(t) = 2 (). Then we can write an equation for y(¢) in the form (3.2).

In this case, Zé_l bi(t)x1(t — 0;(t)) > 0, so it means that ¢(¢t) < 0 for ¢ € [0, ). Then,
according to the reprgsentation of solutions [7],
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t

y(t) = / Ca(t, 5)6(s)ds,

0

where C(t, s) is the Cauchy function of (3.2), and we obtain y(¢) < 0 for ¢ € [0, w]. Now it is clear
that 2 (¢) < 0 and z;(t) < 0 for ¢t € (0,w].

We got a contradiction with the assumption that z1(£) = 0.

2. Let us suppose that there exists a nontrivial solution x1(¢) of the problem (1.4)—(1.6) such
that z1(§) = 8 > 0, 2} (§) = 0, and z1(¢) changes its sign in the interval (0,&). Without the loss
of generality we can assume that 21(0) < 0, z1(n) =0, z1(¢) < 0 for ¢t € [0,n) and z1(t) > 0 for
t e (n,w.

There are 3 possible cases for z1(¢) that can be considered (see Fig. 2):

(a) 2(0) < 0 (see Fig. 2(a)).

This completely corresponds to the situation 1(a). We have a contradiction with the boundary
condition z1(§) = 5 > 0.

(b) 2}(0) = 0 (see Fig. 2 (b)).

This completely corresponds to the situation 1(b). We have a contradiction with the boundary
condition z1(§) = 3 > 0.

(c) #}(0) > 0 (see Fig. 2(c)).

The solution x;(¢) is increasing, so it can satisfy the boundary conditions z1(§) = 8 > 0,
2)() = 0.

Denote a solution z(t) such that

O
1) = gm0~ alr).
It is clear that
O o
2(0)—331(6) 1(0) = (0) <0,
O
() = 2 k(€)= a(e) =0
and
(€)= 28yt (¢) — a'(€) = —a'(e) < 0.
z1(€)"!

In other words, the solution z(¢) starts from a negative value at the point ¢ = 0 and comes to
zero (from above) at the point ¢ = £. Taking into account the fact that v, > 0 and 6 > 0, k = 1,7,
we see that the solutions cannot change sign at the points of impulses. This means that there exists
a point € (0,&) such that z(u) = 0. Thus, the solution z(¢) has at least 2 zeros in the interval
(0,w).

We have proven that the solution z(¢) has at least 2 zeros in the interval [0,w]. On the other
hand, we know that x(¢), which is another linearly independent solution of (1.4)—(1.6), is positive
and increasing for ¢ € (0,w]. Thus, z(¢) has no zeros on (0, w] in contradiction to Lemma 2.1
(see [10]).
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(©)

Fig. 2. Examples of solution z1 (¢): cases x] < 0 (a), 1 = 0 (b) and
zi >0 (o).

These contradictions show that every nontrivial solution of (1.4)—(1.6), having zero of derivative
on the interval (0,w), does not have zero itself on this interval. So, according to the Definition 2.1,
the interval [0, w] is a semi-nonoscillation interval.

Theorem 3.1 is proved.
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In Theorem 3.1 we have assumed that the Cauchy function C (¢, s) of the first order impulsive
equation (1.4)—(1.6) is positive. In the lemma below, we will formulate the results of [7] on the
conditions of positivity of Cauchy function of the first order impulsive differential equation

y'(t) +ar(t) y(t —n(t) =0, te0,w],
y(tk) = 5ky(tk — 0), k = 1, 2, ey Ty (3.3)

Lemma 3.1. Let 0, < 1 for k =1,...,r and the following condition be fulfilled:

t

> / a4 (s)ds, (3.49)

m(t)

1+1nB(t)
e

where B(t) = Hk’EDt 6, Dy = {i:t; € [t — m(t),1]}, at(t) = max{ai(t),0} and m(t) =
= max{t — 71(t),0}. Then Cauchy function of the first order impulsive differential equation (3.3) is
positive.

Using Lemma 3.1, we can reformulate Theorem 3.1 as follows.

Corollary3.1. Assume that the following conditions are fulfilled:

() p=1,a1(t) >0, bi(t) <0, t € [0,w];

(2) the Wronskian W (t) of the fundamental system of solutions of homogeneous equation (1.4)—
(1.6) satisfies the inequality W (t) # 0, t € [0, w];

(3) 6 <1 for k=1,...,7r and the condition (3.4) is fulfilled.
Then the interval [0,w] is a semi-nonoscillation interval of (1.4)—(1.6).

In the case of p > 1 the following sufficient condition proven in [7] can be used.

Lemma 3.2. Let aj(t) >0 forj=1,...,p, 0, <1lfork=1,...,r, and

j=1 k=1

“ o
/Zaj(s)ds < H 0. (3.5)
0

Then Cauchy function of the first order impulsive differential equation (2.12) is positive.

Remark3.2. In Lemma 3.2, the interval [0, w] has to be small enough. In Lemma 3.1, the delay
has to be small enough.

Using Lemma 3.2, we can reformulate Theorem 3.1 as follows.

Corollary 3.2. Assume that the following conditions are fulfilled:

(1) aj(t) >0, b;(t) <0,j=1,...,p, t € [0,w];

(2) the Wronskian W (t) of the fundamental system of solutions of homogeneous equation (1.4)—
(1.6) satisfies the inequality W (t) # 0, t € [0, w];

(3) 6 <1 fork=1,...,r and the condition (3.5) is fulfilled.

Then the interval [0,w] is a semi-nonoscillation interval of (1.4)—(1.6).
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Consider the equation

Y () +ay(h(t) =0, te0,w]

y(tk) = 5ky(tk _0)7 k = 1)27"'7T7 (36)
y(Q) =0, ¢<0,
where a is a positive constant and deviations are piecewise constant functions h(t) = i, t €

€ [tk, tx+1). Solving this equation on the intervals ¢ € [tx, tx+1), we can obtain the following fact.
Lemma 3.3. [fa >0, h(t) = tg, t € [tg,tpt+1), then the solution y(t) of (3.6) has the following
representation:

% 7

y(t) = H‘Sj H (T—a(ty —tj—1)) (1 —alt =), t€ [titir1).

Remark 3.3. It is clear that Cauchy function C' (¢, s) for the equation (3.6) satisfies the inequality
Cl(t, S) > 0, if

ajz{?.g-l,);Jrl(tj - tjfl) < 1. 3.7

Using Lemma 3.3 and Remark 3.3, we can reformulate Theorem 3.1 in the following way.

Corollary3.3. Assume that the following conditions are fulfilled:

(1 p=1, al(t) =a >0, bl(t> <0,t-— Tl(t) =1, t € [tk,tk+1), t e [O,w];

(2) the Wronskian W (t) of the fundamental system of solutions of homogeneous equation (1.4)—
(1.6) satisfies the inequality W (t) # 0, t € [0, w];

3) 0 <1 for k=1,...,r and the condition (3.7) is fulfilled.
Then the interval [0,w] is a semi-nonoscillation interval of (1.4)—(1.6).

4. Semi-nonoscillation and sign-constancy of Green’s functions. In this section, we formulate
our main results.

Lemma 4.1. W (&) # 0 if and only if the boundary-value problem (1.1)—(1.3) with boundary
conditions x(§) = 0, 2/(£) = 0 is uniquely solvable.

Proof. The Wronskian W (&) is a determinant of the system

Clyl(g) + 020(5, O) = 0’
c1f (&) + c2C(€,0) = 0.

4.1

Every solution of the homogeneous equation (1.4)—(1.6) has the form z(t) = civi(t) + c2C(¢,0),
then a nontrivial solution of (1.1)—(1.3) with boundary conditions z(£) = 0, 2/(£) = 0 exists if and
only if a nontrivial solution {c1, co} of the system (4.1) exists. This is equivalent to W (&) = 0.

It is known from the general theory of functional differential equations [4] that the boundary-
value problem (1.1)—(1.3) with boundary conditions z(£) = 0, 2/(£) = 0 is uniquely solvable (i.e.,
Green’s function G¢(t, s) exists), if and only if the system (4.1) has only the trivial solution. This
means that W (£) # 0.

Lemma 4.1 is proved.

Theorem 4.1. If a;(t) > 0, b;(t) <0, then the following assertions are equivalent:
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$
[V}
(-1 (r—n) (tr—t)+ 1
et 5,0 (fae
818283 718,03 1’ 5, (13—1)+ —(t—3)
oS )t 1
JBmh) G-ts) 203 +—(s5—13)
Y1Y203  Y1Y2V3 +——(5—13) £
t Y273
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1 0
—(1-5)
L f, I ()] t”

Fig. 3. The Green’s function of impulsive equation (4.2) —(4.4) with boundary conditions z(w) = 0, z’(w) = 0.

(a) the Wronskian W (t) of the fundamental system of solutions of a homogeneous equation (1.4)—
(1.6) satisfies W (t) # 0, t € [0,w];

(b) Green’s function G(t, s) is nonnegative for t, s € [0, €] for every 0 < £ < w.

Proof. Firstly, let us prove the implication (b) = (a). Its proof is based on Lemma 4.1.

According to Lemma 4.1, it follows from the fact of the existence of Green’s function G¢(t, s)
for every 0 < £ < w, that the Wronskian W (t) # 0, ¢ € [0, w].

Now let us prove the implication (a) = (b). If the Wronskian W (t) # 0, t € [0,w], then,
according to Lemma 4.1, Green’s function G¢(t, s) exists for every 0 < ¢ < w.

Consider the auxiliary boundary-value problem

2" (t) = 2(t), tel0,w], (4.2)
r(ty) = ya(ty —0),  '(tp) = opa'(ty —0), k=1,2,...,7, (4.3)
z(¢)=0, 2'(¢)=0, ¢<0, (4.4)

with the boundary conditions (2.11) for every 0 < & < w. Let us denote Green’s function for
boundary-value problem (4.2)—-(4.4), (2.11) as G¢(t, s). It is nonnegative (see Fig. 3).
We can rewrite the problem (1.1)—(1.3), (2.11) as follows:

» £
2(8) + ) a;(t) / Goe (t = 75(t), 5) X0, (t — 75(t)) 2(s)ds +
Jj=1 0
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¢
t) / Goe (t = 0(1),8) Xjo,¢) (t = 0;(1)) 2(s)ds = f(t), (4.5)
0

where the characteristic function x [ ¢ (t) is defined by (2.13).
Denote

- Z%(t) 0 (t = 75(t), 8) X[, (t — 75(¢)) —

=1

£
(Koc2) () = |
0

/4

— > " bi(t)Gog (t = 0;(t), 8) X[og (t — 05(t)) | 2(s)ds.

=1

For aj(t) > 0, bj(t) < 0, the operator K¢ is positive. According to Lemma 4.1, if the
Wronskian W (t) # 0, t € [0,w], then the problem (1.1)—(1.3) with condition (2.11) is uniquely
solvable for every f € Lo, and Green’s function G¢(t, s) exists for every 0 < & < w. The fact of
the unique solvability for every 0 < & < w implies that the spectral radius p(Koe) < 1 (see [18]).
So, the solution of (4.5) can be represented in the form

z=(I-Koe) 'f = |> K|
§=0

where I: Ly[0,&] — Loo|0,&] is a unit operator acting in the space of essentially bounded functions
f:10,¢] — R.
The solution z(t) of the boundary-value problem (1.1)—(1.3), (2.11) can be written in the form

v=|Goe Y Kb |1,

j=0

where Gog¢ Z]io Kgé is Green’s operator for (1.1)—(1.3) with boundary conditions (2.11). From

nonnegativity of Green’s function Go¢(t,s) and positivity of operator Ky, it follows that Green’s
function G¢(t, s) for (1.1)—(1.3), (2.11) is nonnegative for (¢, s) € [0,£] x [0, £] forevery 0 < £ < w.

Theorem 4.1 is proved.

We use the semi-nonoscillation intervals in the proof of the following assertion on nonpositivity
of Green’s functions (2.7)—(2.10).

Theorem 4.2. Assume that the following conditions are fulfilled:

(1) a;(t) >0, b;(t) <0,5=1,...,p, t € [0,w];

(2) the Wronskian W (t) of the fundamental system of solutions of the homogeneous equation
(Lz)(t) =0, (1.2)—(1.3) satisfies the inequality W (t) # 0, t € [0, w];

(3) the Cauchy function C1(t,s) of the first order equation (2.12) is positive for 0 < s <t < w.
Then Green’s functions Gi(t,s), i = 1,3, are nonpositive for t,s € [0,w] and under the additional
condition Z (t)X[0w)(t = 05(t)) £ 0, t € [0,w], Green’s function G(t,s) is nonpositive for

t,s € [0,w].
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x(?) (1)
12 08
1.0
08 0.6
0.6 04
04

0.2
02

—xi(9)
0.0 —x(1) 0.0
00 02 04 06 08 10 12 14 ¢

00 02 04 06 08 10 12 14
(a) (b)

Fig. 4. Calculating the Wronskian.

Proof. All the conditions of Theorem 3.1 are fulfilled. According to Theorem 3.1, the interval
[0,w] is a semi-nonoscillation one. It was proven in Theorem 4.1 that the inequality W (¢) # 0 for
t € [0,w], i.e., the condition 2 of Theorem 4.2, is equivalent to the condition 3 of Lemma 2.1. Now
we see that all the conditions of Lemma 2.1 are fulfilled. According to Lemma 2.1, Green’s functions
Gi(t,s), i = 1,4, are nonpositive.

Theorem 4.1 is proved.

Example4.1. Let us consider the differential equation

2()+/ (h(1)) — w(h(t) = f(1), € [0,1.6],
t1 =04, ~ =038, 4§ =0.7, (4.6)
ta=1, 72 =09, & =0.95
Let us assume that the delays have the following forms:
h(t) = ty, t€ [tptpr1), k=012

According to Lemma 3.3 and Remark 3.3, the Cauchy function of the first order impulsive
equation

y() + y(h(t) =0, te0,1.6],

t1 =04, v =08, & =07,

ta=1, 49=0.9, & =0.095,
satisfies the inequality C4(¢,s) > 0, if

max (tx —tr—1) <1,

=1,...,

where tg = 0, t3 = 1.6.
Thus, in our example, the condition (3.7) holds. Let us solve impulsive equation (4.6) with the
conditions z1(0) = 1, 24(0) = 0 and z2(0) = 0, z5(0) = 1. We obtain
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0, t<0,
0.5t% + 1, t €1[0,0.4),
l’l(t) =
0.292(t — 0.4)% 4 0.28t + 0.752, t€10.4,1),
0.212(t — 1.0)% + 0.599¢ + 0.425,  t € [1,1.6),
0, t <0,
—0.5t2 + ¢, t €10,0.4),
zo(t) =
—0.082(t — 0.4)% 4+ 0.42t +0.088,  t € [0.4,1),
0.063(t — 1.0)? + 0.306t + 0.125, t€[1,1.6),

Fig. 4 (a).
Calculating the Wronskian, we obtain

,

0, t <0,
—0.5t2 —t + 1, t €10,0.4),
W(t) = (4.7)
—0.146t% — 0.175t + 0.384,  t € [0.4,1),
—0.027t2 + 0.082, t€[1,1.6),
Fig. 4 (b).

Thus, all the conditions of the Theorem 4.2 are fulfilled. So, according to Theorem 4.2, Green’s

functions G;(t,s), i = 1,4, are nonpositive.
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